Introduction
The main event during cell division is the sharing of chromosomes between daughter cells. Somatic cells divide by the process of mitosis to produce two identical daughter cells having the same genetic make-up and chromosomal constitution as the parent cell. The situation is very different for reproductive cells, which undergo meiosis involving the exchange of genetic material followed by two consecutive nuclear divisions, meiosis I (MI) and meiosis II (MII), to obtain a haploid chromosome complement.
Marked differences exist between male and female meiosis in mammals. Female meiosis spans several years in humans and is punctuated by arrest points, whereas in males, meiosis progresses continuously from one stage to the next though to mature gamete formation. In addition, unlike male meiosis which produces four equivalent haploid gametes, female meiosis produces a single mature oocyte (or egg) capable of supporting fertilisation and dispenses with three quarters of the chromosomes into vestigial cells known as polar bodies. Polar bodies are very small compared with the oocyte and are the consequence of highly asymmetric meiotic divisions that enable the oocyte to retain the bulk of cytoplasmic components needed for sustaining embryonic development whilst at the same time ejecting supernumerary chromosomes (Almonacid et al., 2014; Coticchio et al., 2015) .
It is critically important that chromosomes be shared equally between daughter cells at the time of cell division. For reproductive cells, errors in chromosome segregation have grave consequences, resulting in numeric chromosome abnormalities (or aneuploidy) in embryos that culminate in adverse reproductive outcomes such as miscarriage and congenital abnormalities associated with trisomies like Down's syndrome (Hassold and Hunt, 2001; Nagaoka et al., 2012) . Human female meiosis is unusually error prone with an average aneuploidy rate of~15% to 30-70%, depending on maternal age, compared with only 1-4% in sperm (Nagaoka et al., 2012; Hou et al., 2013; Ottolini et al., 2015) . Moreover, such errors are acutely susceptible to ageing, especially beyond the mid-thirties (Hassold and Hunt, 2001; Handyside et al., 2012; Nagaoka et al., 2012) , contemporaneous with the period when fertility also demonstrates a marked decline (Dunson et al., 2002) .
With increasing delays to childbearing (Schmidt et al., 2012) , the desire for pregnancy, therefore, often comes at a time when oocytes are ill-equipped to support proper chromosome segregation. Consequently, there is intense interest in understanding chromosome segregation in oocytes and the basis for its vulnerability, especially during ageing. Here, we review recent developments that shed light on the molecular details of female meiotic chromosome segregation in oocytes with particular focus on MI since most errors either arise or are initiated at this stage (Hassold and Hunt, 2001; Nagaoka et al., 2012; Wang et al., 2017) .
Human oocytes would be the ideal research material for tackling this clinical problem. However, extensive restrictions severely limit access to human oocytes thereby precluding in-depth scrutiny. It has therefore become necessary to also study surrogate models, among which, the mouse has become the most widely studied mammalian model. Some notable advantages of this model include accessibility to homogenous oocyte cohorts, genetic tractability and important parallels to humans with regard to age-related changes in female fertility albeit over very different time periods. Salient age-related changes that become prominent by the mid-thirties in women (Henderson and Edwards, 1968; Tarin, 1995; Hassold and Hunt, 2001; Dunson et al., 2002; Nagaoka et al., 2012; Herbert et al., 2015) surface in mice around 12-18 months of age (Eichenlaub-Ritter et al., 1988; Pan et al., 2008; Duncan et al., 2009; Merriman et al., 2012) . For instance, depending on strain and genetic background, older mice yield markedly fewer oocytes following hormonal priming compared with their younger counterparts consistent with age-induced reduction in ovarian reserve (Gosden et al., 1983; Pan et al., 2008; Duncan et al., 2009; Merriman et al., 2012) . By this stage in mice too, errors in both meiotic divisions increase, especially during MI, with 4 to10-fold higher aneuploidy rates in oocytes from aged mice compared with oocytes from young mice (Cukurcam et al., 2007; Pan et al., 2008; Duncan et al., 2009; Merriman et al., 2012) . However, notwithstanding the key insight into female mammalian reproduction provided by the mouse model and its alignment with many reproductive features of women, mice do not fully replicate the human female context. It is acknowledged, for instance, that adverse effects in mice are observed after 1-2 years when mice are around the menopausal stage of their reproductive life whereas the steep inflexion in the human aneuploidy curve occurs after around three and a half decades, some 15 years earlier than the menopause (Wallace and Kelsey, 2010) . There are significant differences in oocyte characteristics too (developed in greater detail later in the review); for instance, mouse oocytes are roughly three times smaller in volume than human oocytes (relevant to transducing signals throughout the cytoplasm) and meiotic maturation lasts 6-11 h in mouse oocytes (strain-dependent) versus around 24 h or more in human oocytes (e.g. shown using polarising microscopy during maturation of immature oocytes; Shen et al., 2008) .
Here, we provide a contemporary review of female meiotic chromosome segregation and how it goes astray. Although the intention is to better understand the origins of human female meiotic errors, data from the mouse model are also incorporated to help provide a more complete picture while bearing in mind their inherent limitations. The first sections will outline the fundamentals of meiotic chromosome segregation in oocytes and provide an update of current knowledge regarding molecular regulation. Although we refer to data from human oocytes wherever possible, these first sections necessarily rely heavily on mouse data since studies designed for functional genetic scrutiny are very difficult, if not impossible, to undertake in human oocytes. Having laid this groundwork in female meiosis, the subsequent sections delve into human oocyte-derived aneuploidy and where appropriate, incorporate findings from the mouse model that provide additional insight into possible mechanistic causation.
Methods
A search of PubMed was conducted for findings pertinent to meiotic chromosome segregation in mammalian oocytes using a wide range of keywords including meiosis, oocytes, recombination, cohesion, cohesin complex, chromosome segregation, kinetochores, spindle, aneuploidy, meiotic cell cycle, spindle assembly checkpoint, anaphase-promoting complex, DNA damage, telomeres, mitochondria, female ageing and female fertility, both individually and in various combinations. From the results of these searches, we extracted those papers that focused on experiments in mouse and human oocytes, that best aligned with the themes relevant to this review and that provided the most recent original research articles reporting new discoveries with transformative and novel insight into female meiotic chromosome segregation and age-related vulnerability. We further interrogated their contained references to identify additional studies.
Results

Overview of oocyte development
During foetal life, primordial germ cells populate the ovary where they become known as oogonia. After several rounds of mitotic divisions, oogonia commit to meiosis (Oktem and Urman, 2010) . During meiotic prophase, homologous chromosomes pair and undergo reciprocal recombination (Herbert et al., 2015) . Recombination leads to the exchange of genetic material and to the joining of homologues thereby forming a hybrid chromosome known as a bivalent (see Fig. 2A ). Recombination progresses to the diplotene stage in oocytes which then arrest at the dictyate stage of prophase surrounded by a layer of flattened pre-granulosa cells (or primordial follicle granulosa cells), forming primordial follicles (Oktem and Urman, 2010; Zhang and Liu, 2015) .
The vast majority of oocytes in the ovary exist as primordial follicles, which therefore constitute the ovarian oocyte reservoir (Oktem and Urman, 2010) . At periodic intervals during adult life, cohorts of primordial follicles become activated and embark on a protracted developmental journey lasting 110-120 days in humans when oocyte volume increases over 100-fold (Coticchio et al., 2015) . Contemporaneous with this oocyte growth phase is proliferation of companion follicular cells, which eventually develop a fluid-filled cavity called an antrum. Following completion of growth and follicular development to the large antral stage, oocytes have typically attained the capacity to resume meiosis in response to hormonal cues. A surge of luteinising hormone (LH) acts on mural granulosa cells to initiate a signalling cascade that leads to the resumption of meiosis in the oocyte (Mehlmann, 2005; Conti et al., 2012) .
Morphologically, meiotic resumption and lifting of prophase arrest are marked by nuclear envelope breakdown, termed germinal vesicle breakdown (GVBD) in oocytes ( Fig. 1A and Supplementary Movie 1, which depict mouse oocytes). Following GVBD, oocytes complete the first meiotic chromosome division marked by first polar body extrusion (PBE) (Fig. 1A and Supplementary Movie 1). It is pertinent at this stage to highlight marked differences between mouse and human oocytes in the timing of these events. The majority (>80%) of mouse oocytes typically undergo GVBD within 2 h following release from follicles whereas the equivalent interval for human oocytes is extremely variable with 80% undergoing GVBD within 7 h (Fig. 1B ) (DiLuigi et al., 2008) . Furthermore, first PBE occurs within 6-11 h of GVBD in mouse oocytes depending on the strain compared with around 24 h or more for human oocytes (Fig. 1B) (Shen et al., 2008; Holubcova et al., 2015) . After extruding the first polar body, oocytes immediately enter MII but do not complete the second division, arresting for a second time at the metaphase stage of MII under the influence of cytostatic factor (CSF) (Schmidt et al., 2006; Madgwick and Jones, 2007; Oh et al., 2011) . Fertilisation with sperm breaks the CSF arrest by inducing a calcium signalling cascade that leads to completion of the oocyte's second meiotic division and extrusion of the second polar body (Schmidt et al., 2006; Madgwick and Jones, 2007) . The haploid chromosome sets provided by the sperm and oocyte decondense to form the male and female pronuclei, respectively, within what is now called the zygote.
It is widely held that a fixed quota of primordial follicles is laid down before birth leading to a finite oocyte reservoir and consequently, to time-limited ovarian function that ends at menopause (Oktem and Urman, 2010; Wallace and Kelsey, 2010; Herbert et al., 2015) . Fertility declines a decade and a half earlier than the menopause (Dunson et al., 2002; te Velde and Pearson, 2002; Oktem and Urman, 2010) , indicating that the quality of the oocyte is compromised well in advance of follicle exhaustion. One well-known consequence of such age-related deterioration in oocyte quality is an increased vulnerability to meiotic segregation errors, which account for the overwhelming majority of aneuploidy in embryos (Hassold and Hunt, 2001; Nagaoka et al., 2012; Herbert et al., 2015) .
Fundamentals of chromosome segregation during meiosis in oocytes
Meiosis leads to the formation of a haploid chromosome constitution via two sequential rounds of chromosome segregation, MI and MII, following a single round of DNA replication (Petronczki et al., 2003; Marston and Amon, 2004; Herbert et al., 2015) . Unlike mitosis in which sister chromatids segregate, during MI, bivalents are resolved into their constituent homologues (reductional division) (Fig. 2B) and it is not until MII that sister chromatids separate (equational division) (Fig. 2C ). This not only reduces chromosome numbers to a haploid set but also leads to new genetic combinations in the offspring due to exchange of genetic material between maternal and paternal homologues during recombination ( Fig. 2A) .
DNA replication during S-phase generates identical pairs of chromosomes, termed sister chromatids, held together by cohesion at peri-centromeric regions and along chromosome arms ( Fig. 2A) . During mitosis, both arm and centromeric cohesion are resolved to enable sisters to separate during anaphase. During meiosis, homologues within bivalents are united by arm cohesion distal to sites of cross-over between homologous sister chromatids (Petronczki et al., 2003; Marston and Amon, 2004; Herbert et al., 2015) (Fig. 2A) . Consequently, selective removal of cohesion all along chromosome arms but not on centromeres during MI enables homologues, but not sister chromatids, to segregate (Fig. 2B) . Sister chromatids remain connected by residual centromeric cohesion until its removal during second meiotic anaphase leading to sister separation akin to mitosis (Fig. 2C) . Therefore, of the four sister chromatids produced following replication of a pair of homologous chromosomes, three are discarded into polar bodies (Fig. 2) .
The cohesin cycle in oocytes, cohesion and the meiotic cohesin complex
The cohesin cycle refers to cohesin loading, establishment of cohesion between chromosomes and finally, the release of cohesin at chromosome segregation (Rankin, 2015) . In oocytes, DNA replication occurs during foetal life whereas meiotic chromosome segregation does not occur until oocyte maturation is induced by the LH surge, a post-pubertal event. Cohesion established during foetal life must therefore be sustained into adult life, which in humans could be up to four to five decades later. Taking all available evidence into account, Toth and Jessberger (2016) stated recently that '.. post- Figure 1 Meiotic maturation in oocytes and differences between mouse and human oocytes in the timing of maturation events. (A) Meiotic maturation in a mouse oocyte. Shown are bright-field images from a time-lapse series of a mouse oocyte undergoing maturation in vitro. Images were captured every 30 min. Time is shown as hours:minutes. Note that meiotic maturation (the interval between germinal vesicle breakdown [GVBD] and first polar body extrusion [PBE] ) in this strain of mouse lasts~7-9 h. Dashed white circle highlights the germinal vesicle (GV). Scale bar = 30 μm. See also Supplementary Movie 1 that depicts the complete time-lapse movie for the same oocyte. (B) Timeline showing differences in the timing of GVBD and PBE between mouse (top) and human (bottom) oocytes. Note that maturation in human oocytes is considerably more protracted than in mouse oocytes with GVBD occurring within~7 h and PBE occurring around 24 h or more later.
natal expression of cohesin appears neither sufficient nor required for preventing age-related loss of cohesion in mouse oocytes' and it is currently not known if reloading of cohesion proteins might occur during the long meiotic arrest in humans. Additionally, since one quota of cohesion serves two consecutive chromosome segregation events during meiosis, a fraction of cohesion must be retained after MI for use during MII. Recent data are beginning to shed light on how this remarkable management of chromosomal cohesion is achieved.
Chromosomal cohesion is conferred by the cohesin protein complex, which forms a ring that holds sister chromatids together by encircling them (Fig. 3A) . In mitosis, the cohesin complex is comprised of two structural maintenance of chromosome (Smc) subunits, Smc1α and Smc3, and two non-Smc proteins, an α-kleisin subunit (Scc1/Mcd1/Rad21) and one of two stromal antigen subunits (SA1/ STAG1 or SA2/STAG2 in mammals) (Nasmyth and Haering, 2009) (Fig. 3A) . Meiosis features four meiosis-specific subunits including two α-kleisin homologues, Rec8 and Rad21L; the Smc1α homologue, Smc1β; and the SA1/SA2 homologue, STAG3 (McNicoll et al., 2013) (see Fig. 3D ). The cohesin complex is highly conserved amongst mammals in line with which, Smc3 and the three meiosis-specific cohesin subunits, Rec8, Smc1β and STAG3, have all been shown to localise to chromosomes in human oocytes (Garcia-Cruz et al., 2010) .
Various combinations of cohesin subunits could in theory form multiple cohesin complexes during meiosis with Smc3 being the only Figure 2 Schematic of meiotic chromosome segregation. (A) Replication of homologous chromosome pairs (purple and red) during S-phase produces identical pairs of sister chromatids united by arm (light blue rings) and centromeric (green rings) cohesion. Rings depict the cohesin complex, which encircle chromosomes (see also Fig. 3A ). Note that differently coloured cohesin rings merely serve to distinguish between arm and centromeric cohesion and do not reflect any biochemical differences between cohesins located at these sites or any differences in cohesin subunit composition. Recombination joins homologues to form bivalent chromosomes within which, homologues are united by arm cohesion distal to cross-over sites (or chiasmata, grey arrows). Kinetochores (grey discs) assemble on centromeric regions of replicated chromosomes and are constrained to act as a single unit by Meikin (dark blue rings) during MI. This biases attachment of sister chromatids of one homologue to microtubules (brown lines) emanating from one pole of the spindle (monopolar attachment) and the attachment of sisters of the other homologue to the opposite pole. (B) Reductional division. During MI, phosphorylation of the Rec8 subunit of the cohesin complex located along chromosome arms facilitates cleavage (broken light blue rings) thereby allowing homologues to segregate from one another. Centromeric cohesion (green rings) is protected from phosphorylation, and hence from cleavage, by factors such as Sgo2-PP2A and Meikin that promote dephosphorylation, thereby preventing sister chromatids from separating. (C) Equational division. Sister chromatids segregate during the second meiotic division. In contrast to MI in which sister kinetochores attach to the same spindle pole, during MII, sisters attach to opposite poles (bipolar attachment). This causes sister centromeres to become distracted away from one another and may displace dephosphorylation-promoting factors such as Sgo2-PP2A away from cohesin at centromeres. During MII, phosphorylation of centromeric cohesin and its subsequent cleavage (broken green rings) result in separation of sister chromatids.
cohesin present in all (McNicoll et al., 2013) . Consequently, unlike mitosis in which there are two cohesin complexes, during meiosis, there is the possibility for at least 18 different complexes with experimental confirmation available for six (McNicoll et al., 2013) . Recent findings from mouse spermatogenesis indicate that during leptonema/early zygonema, cohesion is conferred by 'mitotic' cohesins rather than meiosis-specific ones, which at that early stages are involved in recombination-related synapsis (Biswas et al., 2016) . It is not until later in meiosis that Smc1β and Rec8 feature prominently in cohesion (Biswas et al., 2016) .
Cohesin loading and establishment of cohesion
Prior to S-phase in mitosis, cohesin turns over on chromosomes due to competing loading and unloading. In mitotic cells, cohesin is loaded Figure 3 The cohesin complex: loading, unloading and separase-mediated cleavage. (A) Shown schematically are the four subunits of the cohesin complex forming a ring that encircles a pair of replicated sister chromatids (grey). The Nipped-B-like (Nipbl) cohesin loader facilitates the loading of cohesin onto chromosomes by a process thought to involve the opening of the interface between Smc1 and Smc3. (B) Pds5-mediated recruitment of Wapl induces release of cohesin. (C) Acetylation of cohesin ('A') by ESCO1 and ESCO2 promotes the association of Soronin, which competes with Wapl for binding to Pds5, thereby facilitating cohesion establishment. Conversely, phosphorylation by kinases such as Cdk1 and Aurora kinase causes Soronin to dissociate from chromatin. (D) Shown is a meiotic cohesin complex containing meiosis-specific Smc1β, Rec8 and STAG3 subunits. Rec8 phosphorylation ('P') promotes separase-mediated cleavage. During MI, this phosphorylation is antagonised specifically at centromeres by Shugoshin through recruitment of the PP2A phosphatase. Recent evidence supports that Mps1, Meikin and Bub1 are required for Sgo2 localisation to centromeric regions.
in an ATP-dependent manner by the Scc2/Nipped-B-like (Nipbl) cohesin loader (Fig. 3A) (Marston, 2015; Rankin, 2015) . Nipbl also associates with chromosome axes in mouse oocytes and spermatocytes (Kuleszewicz et al., 2013; Visnes et al., 2014) . Interestingly, Nipbl localisation during meiosis exhibits sexual dimorphism and is lost from chromosomal axes by mid-pachynema in spermatocytes but persists later in oocytes (Kuleszewicz et al., 2013; Visnes et al., 2014) . Indeed, Nipbl persists into diplonema in oocytes and could be detected during the dictyate stage (Visnes et al., 2014) . Longer Nipbl persistence in oocytes could reflect greater cohesin loading to match requirements of a protracted dictyate arrest, and possibly even cohesin loading onto chromosomes during post-natal life. If the latter does occur however, postnatally loaded cohesin either does not appear to establish functional cohesion or does so only to a minor degree, at least in mouse oocytes (see later discussion).
In mitotic cells, cohesin unloading involves recruitment of Pds5 to cohesin, which then enables the association of the cohesin release factor Wings apart-like homologue (Wapl) (McNicoll et al., 2013; Marston, 2015; Rankin, 2015) (Fig. 3B ). During DNA replication in mitotic S-phase, cohesin becomes stably associated with chromosomes enabling cohesion to become established (Nasmyth and Haering, 2009 ). This involves acetylation of Smc3 by ESCO1 and ESCO2 acetyltransferases resulting in the association of the Wapl antagonist, Soronin, with cohesin ( Fig. 3C) (McNicoll et al., 2013; Marston, 2015; Rankin, 2015) . Thus, in somatic cells, Pds5 and Wapl together provide anti-cohesion activity whereas Soronin counters this to promote cohesion.
Although relatively little is known regarding mechanisms of cohesion establishment during mammalian meiosis, the emerging data point to notable differences from mitosis. Soronin and Wapl associate with meiotic chromosomes in mouse spermatocytes up until pachynema and both dissociate by diplonema (Kuroda et al., 2005; Brieno-Enriquez et al., 2016) . Wapl also localises to chromosomes during pachynema in mouse oocytes (Zhang et al., 2008) . Significantly, however, this localisation of Soronin to chromosome axes occurs sometime after pre-meiotic S-phase (Jordan et al., 2017) contrasting with the close temporal association between Soronin association and DNA replication in mitosis (Lafont et al., 2010; Nishiyama et al., 2010) . Furthermore, Soronin localisation during meiosis is distinct from meiotic cohesin and more closely aligned with synapsis (Gomez et al., 2016; Jordan et al., 2017) . In line with this, Soronin recruitment persists in the absence of Rec8, Smc1β or Stag3 and depends instead on the synaptonemal complex transverse filament protein, Sycp1, altogether raising the possibility of a noncohesin binding partner for Soronin during meiosis (Gomez et al., 2016; Jordan et al., 2017) . It should be noted that the vast majority of work on cohesin loading and cohesion establishment referred to here has been undertaken during spermatogenesis, so it remains to be confirmed whether similar pathways apply in oocytes.
Maintaining cohesion during a protracted meiotic prometaphase
During mitosis in vertebrates, two mechanisms resolve cohesion. The bulk of arm cohesin is removed by a non-cleavage pathway in prophase and prometaphase. This so-called prophase pathway involves phosphorylation of Soronin, which disrupts its interaction with Pds5 thereby enabling Wapl-dependent cohesin removal (Fig. 3C) (Nishiyama et al., 2013; Marston, 2015) . At centromeres, a phosphatase-dependent pathway (involving Sgo1-PP2A, see later) antagonises Soronin phosphorylation thereby protecting centromeric cohesion (Liu et al., 2013 , Nishiyama et al., 2013 . Therefore, at anaphase, cleavage of centromeric cohesin and residual arm cohesin induce sister separation (Waizenegger et al., 2000; Hauf et al., 2001) .
Unlike mitosis in which arm and centromeric cohesion unite the chromosomes that are to be separated (i.e. sister chromatids), during meiotic MI, arm cohesion retains chiasmata in place, which physically connect the recombined homologous chromosomes, each with their two sister chromatids ( Fig. 2A) . Furthermore, in contrast to mitosis that is measured in minutes, prometaphase I in mouse and human oocytes lasts for several hours during which kinases known to phosphorylate Soronin, such as cyclin-dependent kinase 1 (Cdk1) and Aurora kinase (Nishiyama et al., 2013) , are active. Although this environment is conducive to complete removal of arm cohesin by a non-cleavage-mediated 'prophase pathway', this does not normally occur since Rec8 continues to decorate the full length of chromosome arms in oocytes until anaphase I ). How then is arm cohesin protected during the oocyte's protracted prometaphase I?
Protection of arm cohesin may not involve Soronin since a recent report found that Soronin is absent from chromosome arms in mouse oocytes, localising only to centromeres during MI . Entirely consistent with this, Soronin localisation was also restricted to centromeres in MI mouse spermatocytes (Gomez et al., 2016) . Soronin could be induced to localise to arms in oocytes but only following the inhibition of either Cdk1 or another key kinase, Polo-like kinase 1 (Plk1) , indicating that kinasemediated phosphorylation during MI removes Soronin from chromosome arms. Given that the key function of Soronin is to inhibit Wapl [at least in mitosis; (Nishiyama et al., 2010) ], the finding that Rec8 remains localised to chromosome arms during prometaphase I in oocytes in the absence of Soronin raises the possibility that the Wapl-mediated cohesin release pathway is not active on chromosome arms at this stage in oocytes. This could occur, for instance, if Wapl is no longer expressed during MI in oocytes since Soronin is dispensable for cohesion in the absence of Wapl (Nishiyama et al., 2010) . In support of this possibility, recent data from mouse spermatocytes show that Wapl is undetectable on chromosomes by diplonema (Brieno-Enriquez et al., 2016) . Thus, the available evidence indicates that the canonical Wapl-mediated non-cleavage pathway for removal of arm cohesin may not be active during prometaphase I in oocytes.
Notably however, this does not completely exclude a role for noncleavage-mediated cohesin removal during mammalian meiosis. In spermatocytes, loss of the NIMA-like kinase-1 (Nek1) destabilises Wapl (by reducing PP1γ-mediated Wapl dephosphorylation) thereby increasing Soronin association and chromosomal cohesin levels (Brieno-Enriquez et al., 2016) . Conversely, inducing Wapl retention through PP1γ over-expression prematurely displaces Smc3 from chromosomes. Taken together, these data indicate that a Waplinduced cohesin removal pathway operates during early meiotic prophase in males. It would be important to determine if the same holds in oocytes, or whether such a pathway might be suppressed to increase cohesin retention during their protracted dictyate arrest.
These data also highlight that during meiosis, Wapl is a target of phospho-regulation and involves Nek1 (Brieno-Enriquez et al., 2016) whereas during mitosis, phosphorylation involving Cdk1 and Aurora kinase targets Soronin (Liu et al., 2013; Nishiyama et al., 2013) . It is also noteworthy that, at least in males, dynamic cohesin turnover is still occurring during meiotic prophase after pre-meiotic DNA replication, providing further evidence that Soronin recruitment and stabilisation of cohesion are not as tightly coupled to DNA replication as it is in mitotically dividing cells (Lafont et al., 2010; Nishiyama et al., 2010) .
Phosphorylation-and cleavage-dependent dissolution of arm cohesin during female MI
The absence of a non-cleavage pathway during MI points to a cleavage-dependent mechanism for dissolving arm cohesion and segregating recombined homologues. This is the case in the yeast model in which, dissolution of arm cohesion during MI requires cleavage of Rec8 along chromosome arms, mediated by the thiol protease, separase Kitajima et al., 2003) .
Although oocytes express both meiosis-specific Rec8 and mitotic Scc1, the available data outlined next confirm that Rec8 is the essential α-kleisin during meiosis in oocytes and that Rec8 cleavage is required for chiasma resolution and homologue disjunction by loss of sister chromatid arm cohesion. In mouse oocytes, chiasma resolution during MI is accompanied by loss of Rec8 from chromosome arms and this requires proteolytic separase activity (Kudo et al., 2006) . Moreover, a mutant version of Rec8 harbouring mutations in separase target sites, Rec8-N, is resistant to cleavage in vitro . Over-expression of Rec8-N in oocytes does not completely block homologue disjunction but does significantly delay it by~2 h following separase activation . Crucially, enforced cleavage of Rec8, but not Scc1, causes chromosomes to fall apart in oocytes (Tachibana-Konwalski et al., 2010) . Thus, as in yeast, dissolution of arm cohesion during MI in oocytes requires separasemediated Rec8 cleavage. Notably, in human oocytes, Rec8 also localises to chromosome arms and centromeres during MI and is absent from chromosome arms but retained at centromeres at the MII-stage (Garcia-Cruz et al., 2010) , indicating that this is a conserved mechanism for segregating homologues. Significantly, inducing Scc1 cleavage in mouse zygotes severely impairs the first embryonic (mitotic) cell division, highlighting a requirement for Scc1 immediately after the meiotic divisions are complete (Tachibana-Konwalski et al., 2010) . Therefore, Scc1 that is expressed in oocytes, while not necessary for cohesion during the meiotic divisions, likely prepares for the rapid switch from meiotic-to mitotic-type cell division.
In yeast, efficient cleavage of cohesin is dependent upon Rec8 phosphorylation (Ishiguro et al., 2010; Katis et al., 2010; Rumpf et al., 2010) . Evidence from mammals suggests that Rec8 cleavage is also influenced by phosphorylation. Thus, Plk1 promotes cleavage of both mouse and human Rec8 in vitro . Moreover, active phosphorylated Plk1 localises to chromosome arms during MI in oocytes and blocking such localisation using the Plk1 inhibitor, BI2536, stabilises Rec8 and inhibits homologue disjunction (Du et al., 2015) . Conversely, chiasma resolution can be blocked by ectopic localisation of the serine/threonine protein phosphatase 2 A (PP2A) to chromosome arms in oocytes (Xu et al., 2009; Yu et al., 2015) consistent with inhibited cleavage following dephosphorylation of Rec8. Indeed, PP2A must be actively degraded via the CRL4-DCAF1 ubiquitin ligase during MI in oocytes; in oocytes lacking CRL4 activity, PP2A is stabilised and becomes localised to chromosome arms thereby preventing the resolution of arm cohesion and homologue disjunction (Yu et al., 2015) . Taken together these data support that as in yeast, phosphorylation of Rec8 promotes cohesin cleavage and chiasma resolution in oocytes (Figs 2B and 3D) .
From the foregoing, at least one of the kinases involved in Rec8 phosphorylation in mammals is Plk1 Du et al., 2015) . In contrast, it appears that casein kinase 1 (CK1) is the key Rec8 kinase important in both budding and fission yeast whilst Dbf4-dependent kinase and Polo kinase promote cleavage only in budding yeast (Lee and Amon, 2003; Ishiguro et al., 2010 , Katis et al., 2010 , Rumpf et al., 2010 Attner et al. 2013) . Whether CK1 is important in mammalian oocytes is currently unclear as the available data are conflicting. One paper found that CK1 did not co-localise with chromosomes and that neither RNAi-mediated depletion of three CK1 isoforms (α, δ and ε) nor over-expression of their kinase-dead mutants induced any overt defects in mouse oocytes (Qi et al., 2015) . In stark contrast, another paper found that CK1α localised to condensed chromosomes and that either morpholino-induced depletion of CK1α or targeted inhibition using D4476 impaired PBE, which was interpreted as pointing to impaired chromosome segregation (Wang et al., 2013b) . Notably, however, neither paper specifically analysed chromosome structure to determine whether CK1 disruption affected the conversion of bivalents to univalents or induced changes in chromosomal Rec8 levels.
Meiotic cell cycle control and emerging understanding of spindle assembly checkpoint function in oocytes
On the basis of the above, separase activity must be meticulously controlled to avert untimely cohesin cleavage. Two important mechanisms negatively regulate separase; the first involves binding to the inhibitory chaperone, securin and the second is phosphorylation mediated by Cdk1 (Stemmann et al., 2001 , Gorr et al., 2005 . Cdk1 (also known as maturation-promoting factor or MPF in oocytes) is a heterodimeric complex comprised of a catalytic Cdk1 subunit and an activating cyclin B subunit (Doree and Hunt, 2002; Madgwick and Jones, 2007) . Separase activation status therefore correlates inversely with securin and cyclin B abundance; increased levels of both proteins lead to separase inhibition whilst activation occurs when their levels are reduced.
Reducing securin and cyclin B levels for activating separase and initiating anaphase is mediated by an E3 ubiquitin ligase known as the anaphase-promoting complex or cyclosome (APC/C) (Pesin and Orr-Weaver, 2008; Homer, 2013; Sivakumar and Gorbsky, 2015) . APC/C acting in concert with either a Cdc20 or Cdh1 co-activator ubiquitinates target proteins thereby earmarking them for destruction by the 26 S proteasome. As in mitosis, APC-Cdc20 is responsible for triggering securin and cyclin B destruction required for anaphase in oocytes (Herbert et al., 2003; Reis et al., 2007; Jin et al., 2010) (Fig. 4B ). APC-Cdh1 is active in other phases of the cell cycle, for instance, during the late stages of mitotic exit and interphase. Interestingly, in oocytes, APC/C-Cdh1 degrades securin and cyclin B during prophase I arrest and this is important for preventing untimely Cdk1 activation and premature entry into first meiotic M-phase (Reis et al., 2006; Marangos and Carroll, 2008; Homer et al., 2009; Holt et al., 2011; Homer, 2013) . Tight regulation of Cdk1 activity is also important following GVBD in mouse oocytes; gradual and comparatively slow activation to finally reach critical levels for activating the APC/C is required for delaying the formation of stable attachments that might inhibit correction of wrong attachments and chromosome congression during meiotic prometaphase I (Davydenko et al., 2013) . Importantly, lagging chromosomes indicative of mis-segregation occurred if Cdk1 activity increased too rapidly (Davydenko et al., 2013) .
The spindle is responsible for sorting chromosomes and pulling them apart at anaphase. A dynamic array of spindle microtubules interacts with chromosomes via multiprotein complexes called kinetochores that assemble on centromeric DNA (Hauf and Watanabe, 2004; Cheeseman and Desai, 2008) . A specific configuration of attachments between microtubules and kinetochores is required for accurate chromosome segregation (Hauf and Watanabe, 2004) . Consequently, cells go to great lengths to correct mis-attachments. One of the best-known error correction mechanisms involves Aurora kinase-dependent phosphorylation of kinetochore components that dissolve erroneous attachments and provide the opportunity for correct ones to form (Liu and Lampson, 2009) . During mitosis, Aurora B is the predominant kinase isoform executing this function whereas in oocytes, a germ-cell specific isoform, Aurora C, is also Figure 4 Relationship between APC-Cdc20 activity, protein destruction and SAC and separase activities. (A) Shown are bright-field and green fluorescence images from a time-lapse series of a mouse oocyte expressing GFP-labelled securin (securin-GFP) during in vitro maturation. Images were captured every 30 min. Time is shown as hours:minutes. Scale bar = 30 μm. (B) Plot of green fluorescence intensity over time post germinal vesicle breakdown (GVBD) for the oocyte is shown in (A). Note that green fluorescence intensity initially increases (indicative of net securin-GFP synthesis) and reaches a maximum around 6 h post-GVBD. Fluorescence then declines over the ensuing 2-3 h indicative of APC-Cdc20-mediated securin-GFP destruction. Polar body extrusion (PBE) coincides with the nadir of destruction after which securin-GFP levels rise again during MII. The accompanying schematics in (B) illustrate that APC-Cdc20 is inhibited by the spindle assembly checkpoint (SAC) prior to the time of onset of protein destruction and that separase activation is coincident with loss of securin-mediated inhibition at the nadir of securin-GFP decline. Note that this analysis was undertaken in a mouse oocyte and that similar analyses have not yet been published for human oocytes. See also Supplementary Movie 2 that depicts the complete time-lapse movie of the merged securin-GFP fluorescence and bright-field images for the same oocyte.
required (Yang et al., 2010; Schindler et al., 2012; Balboula and Schindler, 2014) .
The spindle assembly checkpoint (SAC) coordinates kinetochoremicrotubule attachment status with anaphase-onset (Musacchio, 2015) . The SAC is comprised of proteins from the Mad (mitotic arrest deficient) and Bub (budding uninhibited by benzimidazole) families along with others such as Mps1. Improperly attached kinetochores recruit Mad2 causing a conformational change important for generating the inhibitory mitotic checkpoint complex. The mitotic checkpoint complex sequesters Cdc20 thereby preventing APCCdc20-induced securin and cyclin B proteolysis required for anaphase (Musacchio, 2015) (Fig. 4B ). Preventing aneuploidy requires stringent policing of kinetochore attachment status by the SAC to ensure that anaphase is only licensed after all chromosomes have gained the correct attachments to opposite spindle poles and, by extension, become aligned. The SAC in mitotic cells is highly sensitive such that even a single unattached kinetochore delays anaphase onset (Rieder et al., 1995) . During mitosis, securin and cyclin B proteolysis commences almost immediately following completion of chromosome alignment (and bipolar kinetochore attachment) and is completed within~30 min, around the time that anaphase occurs (Clute and Pines, 1999; Hagting et al., 2002) . Thus, in mitosis, APC-Cdc20 activation occurs very shortly after the kinetochore-derived inhibitory SAC signal is abrogated.
Recent data point to a strikingly different signalling paradigm for the SAC in oocytes. We and others showed that in oocytes, the SAC is important for delaying the time of onset of APC-Cdc20-mediated proteolysis and that this additional time is critical for preventing aneuploidy (Homer et al., 2005; Niault et al., 2007; McGuinness et al., 2009; Hached et al., 2011; Touati et al., 2015) . Notably, however, although progression to anaphase I is delayed by the SAC in oocytes, it is not prevented by one or a few misaligned chromosomes, which appear to go undetected by the SAC (Nagaoka et al., 2011; Gui and Homer, 2012; Kolano et al., 2012; Lane et al., 2012) . In fact, closer analysis shows that proteolysis commences while some kinetochores are still weakly positive for Mad2 (indicative of incomplete attachment status) , a situation that would normally completely prevent APC-Cdc20 activation during mitosis. Therefore, APC-Cdc20 activation in oocytes occurs when the inhibitory SAC signal falls below a threshold level rather than when it is extinguished. Intriguingly, although low-level SAC inhibitory signals do not prevent APC-Cdc20 activation in oocytes, they do markedly slow the rate of proteolysis causing it to be extended over~2-4 h (Fig. 4 and Supplementary Movie 2) versus 20-30 min in somatic cells (Clute and Pines, 1999; Hagting et al., 2002) . Crucially, this additional time in oocytes enables chromosomes to establish proper attachments required for accurate segregation . Thus, in oocytes, the SAC not only sets the time of onset of proteolysis, it also puts a brake on its rate, with both functions co-operating to reduce aneuploidy. Significantly, however, a surveillance system that is permissive to anaphase initiation before chromosomes have completed attachment formation is vulnerable to error.
One possibility is that the SAC in oocytes is hamstrung by a large cellular volume, which could dilute the inhibitory signal thereby limiting the SAC's potency. In line with this reasoning, mouse oocytes can mount an SAC response to large defects in kinetochore-microtubule attachment with smaller defects going unchecked, whereas somatic cells (which are~40-fold smaller than mouse oocytes) arrest in response to even a single unattached kinetochore (Rieder et al., 1995) . The impact of cytoplasmic volume on SAC signalling has recently been tested in mouse oocytes whose volumes were either halved or doubled through elegant micromanipulation techniques (Kyogoku and Kitajima, 2017) . SAC-mediated APC/C inhibition was found to be greater in halved (small-volume) oocytes compared with doubled (large-volume) oocytes supporting that cytoplasmic volume does indeed dilute the inhibitory SAC signal. Interestingly, the dilutional effect impacted the nuclear-derived components of the mitotic checkpoint complex, which in turn reduced the strength of the kinetochore-generated SAC signal following GVBD and consequently, its ability to delay anaphase (Kyogoku and Kitajima, 2017) .
A striking feature of human oocytes is the progression to anaphase in the face of multiple incorrectly attached kinetochores and severely misaligned chromosomes (Holubcova et al. 2015; Zielinska et al., 2015) . This immediately directs attention to SAC function and raises the possibility that the large volume of human oocytes (human oocytes are about three times the volume of mouse oocytes) might severely dilute SAC signalling. However, very little is known about SAC function in human oocytes, although information is beginning to emerge. It was recently found that two SAC proteins, Bub1 and BubR1, localise to kinetochores in human oocytes and are displaced in the lead up to anaphase I as well as by treatment with a small molecule inhibitor of the SAC (Lagirand-Cantaloube et al., 2017) . Together these findings are reminiscent of the behaviour of Bub1 and BubR1 in SAC-containing mitotic cells and mouse oocytes, supporting a SAC presence in human oocytes (Lagirand-Cantaloube et al., 2017) .
Another unique feature of the SAC in oocytes recently uncovered is that it is activated to induce an MI arrest when DNA damage is induced during prophase arrest by exogenous agents. In somatic cells, DNA double-strand breaks during G2-phase of the cell cycle trigger an arrest that prevents entry into M-phase thereby furnishing time for DNA repair (Carroll and Marangos, 2013; Coticchio et al., 2015) . It was previously shown that, unlike somatic cells, G2-stage (equivalent to GV-or prophase arrest) oocytes fail to trigger such an arrest unless the level of induced DNA damage is high (Marangos and Carroll, 2012) . Interestingly, although DNA double-strand breaks do not induce a G2-arrest in mouse oocytes, they unexpectedly induce a robust MI arrest (Collins et al., 2015; Marangos et al., 2015) . Furthermore, this MI arrest is dependent on the SAC and not on the canonical DNA damage response kinase ATM (Collins et al., 2015; Marangos et al., 2015) . This presents another contrast with human somatic cells, in which DNA damage does not activate an SAC response (Bakhoum et al., 2014) . Thus, oocytes do not mount a canonical G2 arrest in response to DNA damage but instead arrest later during MI through SAC activation. It is important to note, however, that for these studies, DNA damage was induced using exogenous agents and it remains to be seen whether these responses are replicated by physiological DNA damage that may accumulate with age.
An ongoing debate pertains to whether the oocyte SAC deteriorates with age and might contribute to higher aneuploidy rates in older females. Reduced levels of SAC proteins shorten MI in mouse oocytes by advancing the onset of protein destruction (Homer et al., 2005; Niault et al. 2007; McGuinness et al., 2009; Hached et al., 2011; Touati et al., 2015) . Using accelerated MI progression as a marker of SAC compromise, it has been concluded that ageing does not impair the SAC since MI duration and the onset of proteolysis are indistinguishable in oocytes from aged and young mice (Duncan et al., 2009; Lister et al., 2010) .
However, other findings indicate that SAC integrity is compromised by ageing. Firstly, the expression of the SAC protein, BubR1, is reduced in oocytes from older women (Riris et al., 2014) and reduced amounts of SAC proteins are recruited to kinetochores in aged mouse and human oocytes (Yun et al., 2014; Marangos et al., 2015; Lagirand-Cantaloube et al., 2017; Nabti et al. 2017) . Secondly, as discussed previously, DNA damage activates the SAC during MI in young mouse oocytes thereby severely inhibiting meiotic progression (Collins et al., 2015; Marangos et al., 2015) . Significantly, however, the SAC response to DNA-damaging insults in older oocytes is far less robust consistent with SAC deterioration (Marangos et al., 2015) . It is notable in this regard that aged mouse and human oocytes exhibit increased levels of DNA damage (Titus et al., 2013 ). An intact SAC should respond by inhibiting MI progression (Collins et al., 2015; Marangos et al., 2015) , but instead, MI appears to progress normally or to even be accelerated in aged mouse oocytes (Eichenlaub-Ritter and Boll, 1989; Duncan et al., 2009; Lister et al., 2010; Shomper et al., 2014) , as would be predicted with SAC decline. Finally, very recent findings indicate that reduced SACmediated restraint in aged mouse oocytes culminates in exaggerated APC-Cdc20-directed securin destruction and consequently, leads to excessive separase-mediated cohesin cleavage that increases premature sister chromatid separation (Nabti et al., 2017) . Thus, recent data suggest that the SAC in oocytes could become less stringent with age.
Protecting centromeric cohesion during MI
Proper chromosome segregation during MII requires intact centromeric cohesion and therefore requires it to be protected during MI while arm cohesion is being resolved (Fig. 2B) . In yeast, centromeric Rec8 is protected by Shugoshin (Sgo; Japanese for 'Guardian spirit') proteins (Kitajima et al., 2004; Rabitsch et al., 2004) , also known as Mei-S332 in flies (Kerrebrock et al., 1995) . Sgo protects centromeric cohesion during MI in yeast via PP2A (Kitajima et al., 2006; Riedel et al., 2006) , which counteracts phosphorylation that enhances Rec8 cleavage (Ishiguro et al., 2010; Katis et al., 2010; Rumpf et al., 2010) .
Mammals contain two shugoshin proteins, Sgo1 and Sgo2, which localise to the peri-centromeric region. Loss of Sgo2, but not Sgo1, induces premature dissolution of centromeric cohesion during anaphase I leading to the appearance of individual sister chromatids in MII in mice (Lee et al., 2008; Rattani et al., 2013) . In keeping with this, centromeric cohesion is prematurely lost in spermatocytes and oocytes from Sgo2-knockout mice (Llano et al., 2008) . This in-vivo model emphasised the meiosis-specific function of Sgo2 since Sgo2-deficient mice developed normally into adulthood (pointing to intact mitosis) but were infertile consistent with a defect specific to reproductive cells (Llano et al., 2008) . Thus, Sgo2 is the meiotic shugoshin required for protecting centromeric cohesion in mouse oocytes.
In mouse oocytes, PP2A no longer localises to centromeres when Sgo2 is depleted using siRNAs (Lee et al., 2008) or when Sgo2 is genetically ablated in knockout mice , showing that Sgo2 is required for recruiting PP2A to centromeres. A conserved feature of shugoshins is an N-terminal homodimeric parallel coiled coil that is a pre-requisite for binding PP2A (Xu et al., 2009) . This binding mechanism is required for recruiting PP2A in oocytes since supplementing Sgo2-knockout oocytes with wild-type Sgo2 mRNA restored centromeric PP2A whereas Sgo2 mRNAs carrying mutations in the coiled coil domain deficient in PP2A binding could not . Crucially, failure of Sgo2 binding and recruitment of PP2A to centromeres was associated with precocious loss of centromeric cohesion . Conversely, forced shugoshin over-expression in oocytes that extended its localisation and that of PP2A to chromosome arms, prevented homologue disjunction and removal of Rec8 from chromosome arms underlining the capacity of Sgo-PP2A to protect cohesion (Xu et al., 2009) .
PP2A holoenzymes are comprised of three subunits, a structural scaffold A subunit, a regulatory B subunit and a catalytic C subunit. There are two paralogs of each of the A and C subunits in mammals and at least 18 types of B subunit belonging to three subfamilies, B, B' and B' (Janssens et al., 2008) . Oocyte-specific deletion of the PP2A-Aα isoform led to precocious sister chromatid separation and female sub-fertility (Hu et al., 2014) , in keeping with an important role for PP2A in sustaining centromeric cohesion. Notably, however, another study recently reported oocyte-specific deletion of the PP2A-C subunits, α and β (Tang et al., 2016) . Female fertility remained intact following loss of either paralog on its own, whereas simultaneously deleting both led to infertility. Unlike loss of PP2A-Aα, however, defects after double knockout of PP2A-Cα and -Cβ were not due to premature loss of centromeric cohesion but were the result of an MI arrest associated with abnormal spindles and misaligned chromosomes (Tang et al., 2016) . An analogous situation is observed in mitosis in which depletion of the PP2A-Aα subunit compromises cohesion (Kitajima et al., 2006; Tang et al., 2006) whereas depletion of all PP2A-B' subunits does not (Foley et al., 2011; Porter et al., 2013) . Therefore, while PP2A is important for protecting centromeric cohesion in oocytes, the composition of the relevant PP2A complex requires clarification.
Taken together, Sgo2 is the shugoshin required for protecting centromeric cohesion during MI in mouse oocytes and acts by recruiting PP2A to centromeres. At centromeres, PP2A likely counteracts Rec8 phosphorylation to prevent separase-mediated cleavage ( Figs 2B and 3D ) although other phosphorylation targets cannot be ruled out. Sgo2 localisation to centromeres in mouse oocytes is itself dependent upon other factors, notably, Meikin (see later) and the SAC kinases, Bub1 and Mps1 (El Yakoubi et al., 2017; Miyazaki et al., 2017) (Fig. 3D) . As discussed previously, the available evidence indicates that Plk1 is an important kinase for inducing Rec8 phosphorylation to promote its cleavage at chromosome arms Du et al., 2015) . Interestingly, as discussed later, while Plk1 appears to promote cohesin cleavage on chromosome arms, it has also been implicated in a contrasting role involving the protection of cohesin at centromeric regions (Kim et al., 2015) . Notably, although Sgo1 has been localised to centromeric regions in human oocytes, Sgo2 could not be localised due to the lack of a working antibody (Garcia-Cruz et al. 2010) . It is therefore unknown whether the important meiotic role of Sgo2 in mouse oocytes is conserved in human oocytes.
Another potential mechanism for protecting centromeric cohesion involves Soronin, which persists at centromeres during MI in oocytes and spermatocytes (Gomez et al., 2016; Huang et al., 2016) , and when depleted, leads to premature sister chromatid separation in oocytes . Interestingly, Sgo2 and PP2A phosphatase activity are required for recruiting Soronin to centromeres in spermatocytes (Gomez et al., 2016) , raising the possibility that Rec8 dephosphorylation might not be the only mechanism by which Sgo2-PP2A protects centromeric cohesion. The mechanism by which Soronin protects centromeric cohesion remains to be determined however, since Wapl is undetectable on chromosomal cores by diplonema in spermatocytes (Brieno-Enriquez et al., 2016) .
Orienting kinetochores for meiotic chromosome segregation patterns
Each member of a chromosome pair (homologous chromosomes in MI and sister chromatids in MII and mitosis) is directed to a different daughter cell at anaphase mediated by interactions between spindle microtubules and kinetochores (see Fig. 2 ).
Specific kinetochore geometries and kinetochore-microtubule attachment configurations are required for executing the different segregation patterns during MI and MII (Hauf and Watanabe, 2004) . During mitosis, sister kinetochores act independently of one another and when properly attached, are connected exclusively to opposite spindle poles, termed sister kinetochore bi-orientation. In stark contrast, sister kinetochores during MI should be constrained to act as a coherent unit (sister kinetochore mono-orientation; Fig. 2B ) such that both sisters of the paternal homologue attach to one pole (monopolar attachment) whilst constrained sisters of the maternal homologue attach to the opposite pole (Fig. 2B) . Following progress to MII however, sister kinetochores that were previously required to act in unison must now act independently and bi-orient akin to mitosis (Fig. 2C) . Thus, whereas proper bipolar attachment in mitosis and MII requires attachment of sister kinetochores to opposite poles, during MI, sister kinetochores attach to the same pole and it is homologous kinetochores that attach to opposite poles ( Fig. 2B and C) .
Mono-orienting kinetochores: Meikin and centromeric cohesion
Proteins specifically responsible for mono-orienting sister kinetochores had previously only been identified in budding and fission yeast: Spo13 and Mam1 in budding yeast and Moa1 in fission yeast (Toth et al., 2000 , Katis et al., 2004 , Lee et al., 2004 , Yokobayashi and Watanabe, 2005 . Recently, a conserved vertebrate equivalent, Meikin (Meiosis-specific kinetochore regulator), was uncovered in mammals (Kim et al., 2015) . Meikin has an indispensable germ-cell function since knockout mice develop normally but are completely infertile. Moreover, Meikin exerts its function during meiotic chromosome segregation since the preceding stages of ovarian follicular development and prophase I appear normal in Meikin −/− females (Kim et al., 2015) . Meikin localises to centromeres in MI but not in MII consistent with a role during the former but not the latter (Kim et al., 2015) ( Fig. 2B and C) . In the absence of Meikin, the distance between sister kinetochore pairs within bivalents increases~20%. For a clearer picture of Meikin's role in modulating sister kinetochore orientation, mutant oocytes lacking the DNA mismatch repair gene, Mlh1, carrying multiple univalents were examined. Due to the inherent property of sister kinetochores to mono-orient in MI, univalents in Mlh1 −/− oocytes often (but not always) fail to gain attachments to opposite spindle poles and become randomly dispersed on the spindle (Woods et al., 1999) . However, when Meikin was also disabled in Mlh1 −/− oocytes, chromosome alignment improved markedly as sisters could better attach to opposite poles as evidenced by the stretching apart of sister kinetochores (Kim et al., 2015) . Attachments to opposite poles indicate that sister kinetochores were acting independently of one another thereby pointing to an important role for Meikin in sister kinetochore mono-orientation during MI (Fig. 2B) .
Immunostaining of univalent kinetochores in Mlh1 −/− oocytes produces a single signal indicative of conjoined, or mono-oriented, kinetochores (Kim et al., 2015) . Consequently, many Mlh1 −/− oocyte kinetochores are unable to gain stable attachments to opposite spindle poles (bi-orient) leading to chromosome misalignment (Tachibana-Konwalski et al., 2013 , Kim et al., 2015 . Significantly, cleaving Rec8 specifically at centromeres in Mlh1 −/− oocytes leads to sister kinetochore splitting enabling most univalents to become aligned, supporting that centromeric Rec8 is important for monoorientation (Tachibana- Konwalski et al., 2013) . Notably, in Meikin
oocytes in which mono-orientation is compromised, levels of centromeric Rec8 are also reduced, as are levels of centromeric Sgo2 (Kim et al., 2015) . Due to compromised centromeric cohesion, sister kinetochores in Meikin −/− oocytes begin splitting prematurely during anaphase I leading to individual sister chromatids during MII (Kim et al., 2015) . Thus, centromeric cohesion is necessary for kinetochore mono-orientation and this requires Meikin, at least in part through retention of Sgo2 at centromeres. Recent data indicate that Meikinmediated centromeric Shugoshin localisation in turn involves meiosisspecific retention of Bub1 at kinetochores (Miyazaki et al. 2017 ) (Fig. 3D) . Notably, Meikin is expressed in human spermatocytes in which it localises to centromeric regions consistent with conserved roles in humans (Kim et al., 2015) . However, Meikin has not yet been analysed in human oocytes but will be important work for the future given the occurrence of 'reverse segregation' in which, sister chromatids of homologues in chiasmate bivalents orient to opposite instead of the same poles (Ottolini et al., 2015) . Kinetochore localisation of Plk1 is dependent upon Meikin (Kim et al., 2015) . Significantly, Plk1 inhibition replicated many of the defects produced by Meikin knockout including premature loss of centromeric cohesion and increased sister kinetochore bi-orientation of univalents in Mlh1 −/− oocytes (Kim et al., 2015) . Taken together, these results support that Meikin's roles in preserving centromeric cohesion and promoting mono-orientation are mediated at least in part by Plk1. Interestingly therefore, Plk1 exhibits pleiotropic effects on cohesion during MI, on the one hand promoting Rec8 cleavage along chromosome arms ) while preserving centromeric cohesion on the other (Kim et al., 2015) . Although sister kinetochores in Meikin −/− oocytes exhibited increased separation during MI, the misalignment defect was relatively subtle, with chromosomes still managing to attain an equatorial position on the spindle (Kim et al., 2015) . This is consistent with findings in yeast showing that recombination can suppress mono-orientation defects and promote monopolar sister attachment (Yokobayashi and Watanabe, 2005; Sakuno et al., 2009 Sakuno et al., , 2011 Hirose et al., 2011) . In line with this, the converse is also true; when recombination is compromised, sister kinetochores of univalents can sometimes become bi-oriented and segregate equationally during MI (Kouznetsova et al., 2007; Nagaoka et al., 2011) presumably with intact Meikin. Overall therefore, at least three factors promote kinetochore mono-orientation during MI: Meikin-like proteins, centromeric Rec8-mediated cohesion and homologous recombination. These are all closely inter-related since as mentioned above, Meikin is required for centromeric Rec8 retention (Kim et al., 2015) and Rec8 in mice is required for proper recombination (Xu et al., 2005) .
Susceptibility of human oocytes to meiotic error and vulnerability to ageing
The foregoing sections detailed molecular players required for orchestrating meiotic chromosome segregation in oocytes, focusing on the mouse model. Next, we will explore how the insight provided by these studies, in conjunction with new findings in human oocytes, might collectively increase understanding of the molecular basis for oocyte-derived aneuploidy in humans. We will begin by reviewing data regarding aneuploidy in human oocytes and the strong association with particular recombination patterns. Various techniques used for evaluating the chromosome complement of spare IVF-derived human oocytes (either directly or indirectly via polar body analyses) underscore the error-prone nature of human female meiotic divisions. Analysis of 1 397 unfertilised human MII oocytes using conventional cytogenetic methods identified an aneuploidy rate of~20% (Pellestor et al., 2003) . Aneuploidy was identified in almost half of all oocytes (46.8%) using FISH analyses of chromosomes 13, 16, 18, 21 and 22 in the first and second polar bodies (Kuliev et al., 2011) . Comprehensive chromosome screening of polar bodies using array-comparative genomic hybridisation (CGH) reported aneuploidy rates of 52.4% (164 first polar bodies) (Gabriel et al., 2011) , 72% (195 first and second polar bodies) (Geraedts et al., 2011) , 74% (420 first and second polar bodies) (Fragouli et al., 2013) and 67.7% (506 first and second polar bodies) (Feichtinger et al., 2015) whilst a rate of 40% was reported using SNP-array-based technology (391 first and second polar bodies) (Salvaggio et al., 2014) .
Significantly, in keeping with the well-established association between Down's syndrome and maternal age (Erickson, 1978) , most studies report a strong association between oocyte aneuploidy and advancing female age. FISH techniques found that aneuploidy increased from 20% at age 35 years to >40% in 40 year olds (Kuliev et al., 2011) . Metaphase-CGH applied to 110 first and second polar bodies from reproductively aged women (38-46 years) identified a high error-rate of 77.2% (Fragouli et al., 2011) . A subsequent study from this group using array-CGH found that 47% of oocytes in women 34-37 years were abnormal rising to 78% in women 38-47 years old (Fragouli et al., 2013) . Recently, a high-resolution single-cell whole-genome amplification method, multiple annealing and loopingbased amplification cycle (MALBAC)-based sequencing technology, was used to analyse polar bodies from oocytes donated by reproductively young women (25-35 years old) of proven fertility (Hou et al., 2013) . The mean aneuploidy rate for these young fertile women was 17.6%, considerably lower than mean rates for women >38 years and seeking IVF treatment noted above, which almost reached 80% in some cases.
Overall, therefore, based on recent molecular-based methods for analysing IVF-derived oocytes, chromosome segregation goes awry in around 40-70% of human oocytes. Moreover, the risk of meiotic error is acutely susceptible to ageing, especially by the late-30s, contemporaneous with the period when fertility also demonstrates a marked decline (Dunson et al., 2002) .
Inefficiencies in female recombination set the stage for chromosome mis-segregation
One of the enduring questions in the field pertains to why human oocytes are so unusually prone to mis-segregating their chromosomes. Many studies have examined the origin and recombinational pattern of extra chromosomes in trisomic conceptions, including abortions, stillbirths and/or livebirths. These refer actually to those chromosomal abnormalities that survive implantation and in this way, present the tip of the iceberg of all aneuploidies, the large majority of which fail to implant. From these post-implantation data, it appears that human trisomy 21 is associated with chromosomes that have lower numbers of crossovers and/or crossovers at different positions from normally segregating chromosomes (Lamb et al., 1997; Oliver et al., 2008 Oliver et al., , 2014 Middlebrooks et al., 2014) . For instance, for chromosome 21, the overall frequency of crossovers is~30% lower for mis-segregated bivalents compared with normally segregated bivalents . Studies like these have established a clear association between recombination and aneuploidy risk.
The pattern of altered recombination varies depending on the particular chromosome involved. For trisomy, 21 cases classed as MI-derived errors,~40% are associated with a complete lack of recombination (Lamb et al., 1997) . Moreover, among trisomy 21 cases, there is an increased tendency for crossovers to be located either distally close to the telomere or in the peri-centromeric region, both of which have been proposed to heighten the risk of chromosome entanglement during MI (Lamb et al., 1996 (Lamb et al., , 1997 . For female MIderived trisomy 15 and 18, failure to recombine appears to be the predisposing factor rather than altered crossover location (Fisher et al., 1995; Bugge et al., 1998; Robinson et al., 1998) whereas trisomy 16 is associated with more distally located crossovers rather that complete failure to recombine (Hassold et al., 1995) . Taken together therefore, there is a strong predisposition to mis-segregation risk for chromosomes involved in trisomies and X chromosomal aneuploidy. Recently, new methods have been established to unravel the recombinational history of chromosomes in oocytes, first and second polar bodies and the zygote and thus identify cases in which non-disjunction, reverse segregation or precocious chromatid segregation occurred (Ottolini et al. 2015) . These data should ultimately provide a new view on correlations between recombination pattern, behaviour of chromosomes at meiosis and risks for meiotic errors and will not be discussed in the context of this review, which is mainly focused on the processes of the oocyte-specific cell cycle and spindle regulation as well as age-related alterations that can contribute to aneuploidy. However, it is clear from the literature so far that there is an increased mis-segregation risk for non-exchange chromosomes or if crossovers are positioned either distal to or in proximity with the centromere.
Crossover failure (non-exchange) between chromosomes during foetal life results in univalents. Compelling support for this derives from direct analyses of crossover numbers in human foetal oocytes by immunostaining for the crossover-associated protein, Mlh1 (Tease et al. 2002; Cheng et al., 2009) . Cheng et al. (2009) found that 1.4% of all bivalents from 176 analysed oocytes lacked an Mlh1 signal, indicative of crossover absence. Notably, the rate of Mlh1-less bivalents varied with the individual chromosome; chromosome 16 was never without a crossover whilst the smallest chromosomes, 21 and 22, had the highest achisamate rates of 5-6% (Cheng et al., 2009) . Linkage analyses also reported high-achisamate levels of~20% for chromosome 21 (Oliver et al., 2008) , albeit the reported rate is considerably higher than analyses based on Mlh1 immunostaining, a discordance that has been acknowledged and discussed previously (Cheng et al., 2009) .
What is the basis for at-risk patterns in females and why is female meiosis so prone to these configurations? This question becomes even more puzzling when one considers that females have higher overall numbers of crossovers related to longer chromosome axes when compared with males, yet still exhibit more non-exchange chromosomes (Gruhn et al., 2013; Wang et al., 2017) . Recent work showed that this is not because of differences in recombination initiation or crossover interference but is instead secondary to inefficiencies in pathways that are required for forming mature crossovers after crossover designation. The consequence is that whereas crossover maturation efficiency is 100% for males, it is only~75% for females . Simulation analysis found that the 'subtraction effect' on crossovers induced by maturation inefficiency could fully account for the higher levels of all at-risk configurations, that is, zero-crossovers as well as crossovers positioned either distally or close to centromeres. Moreover, because human chromosomes exhibit relatively few crossovers (1-4) per bivalent, and short chromosomes exhibit the fewest (e.g. 1 for chromosome 22), short chromosomes are acutely sensitive to maturation inefficiency explaining their error-prone nature . Interestingly, in females, total crossover numbers vary dramatically from one oocyte to the next and for a given oocyte, crossover numbers vary in the same direction for all bivalents, with aneuploidy tending to occur in nuclei with below average numbers of crossovers (Lenzi et al., 2005 , Ottolini et al., 2015 . Thus, recombination patterns are determined in a female-and oocyte-specific manner as is also obvious from earlier analysis of recombination maps of children born to younger or older fathers and mothers (Broman et al., 1998) .
Relationship between recombination events and the maternal ageing effect
It appears that crossover maturation inefficiency during female meiosis may predispose to the formation during foetal life of crossover configurations (e.g. non-exchange chromosomes) that are vulnerable to mis-segregation . What is less clear is how such prenatally programmed crossover configurations increase aneuploidy risk as women age.
One of the earliest models proposed the presence of a 'production line' within the foetal ovary (Henderson and Edwards, 1968) . This model proposes that the first oocytes to enter meiosis have the highest numbers of crossovers and are ovulated first whereas oocytes entering meiosis later have lower numbers of crossovers and are ovulated later in reproductive life. Radiolabelling studies in mice support that the first oocytes to enter meiosis are indeed the first to be ovulated (Polani and Crolla, 1991) . The other key component of the production-line model predicts that oocytes from older women have lower recombination levels than younger women. In keeping with this, some genetic linkage studies have found lower levels of recombination in pregnancies from older women (Hussin et al., 2011 , Bleazard et al., 2013 . Notably, however, linkage studies have not produced consistent results, with other series finding the opposite, that advancing maternal age is associated with higher rather than lower levels of recombination (Kong et al., 2004 , Campbell et al., 2015 , Martin et al., 2015 . Importantly, linkage studies do not provide the complete picture since analyses are typically restricted to live-born individuals, thereby excluding the vast majority of aneuploid conceptuses that are lost prior to birth (Rowsey et al., 2014) .
To directly test whether recombination levels relate to the timing of meiotic entry, Mlh1 foci were analysed in human foetal oocytes obtained from electively terminated pregnancies ranging in gestational age from 14 weeks to 26 weeks (Rowsey et al., 2014) . No effect of gestational age on genome-wide mean Mlh1 values or values for four non-disjunction-prone chromosomes (16, 18, 21 and 22) were found and, importantly, there was no increase in non-exchange chromosomes with increasing gestational age.
Hence, while crossover maturation inefficiency produces at-risk crossover patterns, increasing aneuploidy risk with advancing maternal age is not solely attributable to a pre-existing predisposition established before birth. This, therefore, points to the participation of additional factors that accompany ageing, and which synergise with at-risk crossovers, in the genesis of higher mis-segregation rates in oocytes of older women.
Patterns of female meiotic chromosome segregation errors
Erroneous segregation can be broadly considered as arising either from premature separation of sister chromatids (PSSC) or classical non-disjunction whereby both homologues are inherited intact by either the oocyte or the polar body. Although both types of aneuploidy occur, a prominent feature identified through analyses of IVF-derived spare human oocytes is high rates of sister chromatid abnormalities with relatively low rates of classical non-disjunction.
Very early work involving conventional cytogenetics identified premature sister chromatid separation as a major cause of aneuploidy (Angell, 1991) . These findings were supported by later studies showing that single-chromatid errors were most significantly correlated with maternal ageing (Pellestor et al., 2003) . Molecular genetic methodology backed up these earlier discoveries with FISH identifying chromatid abnormalities in 72.2% of MI errors versus homologue non-disjunction in only 6.3% (Kuliev et al., 2011) . Whole-genome amplification approaches also concur. For instance, single-chromatid errors were found to be 11.5 times more common than whole chromosome errors (92% versus 8%) using array-CGH (Gabriel et al., 2011) and accounted for~62% of all MI errors using metaphase-CGH (Fragouli et al., 2011) . Furthermore, singlechromatid errors were also the predominant abnormality identified using MALBAC-based sequencing (Hou et al., 2013) and SNP analyses of all products of female meiosis (Ottolini et al., 2015) . It is notable that studies involving mouse oocytes from aged females draw parallels with human oocytes in showing high rates of PSSC (Chiang et al., 2010 , Nabti et al., 2017 .
PSSC and chromosomal cohesion
Since cohesin is responsible for holding sister chromatids together ( Fig. 2A and B) , the occurrence of PSSC and its increasing incidence with age in human oocytes raises suspicions regarding cohesion integrity. In an ageing-accelerated mouse model (senescence-accelerated mice), the levels of meiosis-specific cohesins (Rec8, Smc1β and STAG3) on chromosomes decline with age (Liu and Keefe, 2008) . In oocytes from naturally aged mice, chromosome-associated Rec8 also declines with ageing (Chiang et al., 2010 , Lister et al., 2010 . Moreover, when Rec8 levels drop below 10% of levels in younger oocytes, meiotic errors, including premature sister chromatid separation, increase (Chiang et al. 2010) . Interestingly, the total pool of Rec8 in mouse oocytes remains stable during ageing despite a >90% decline in chromosomeassociated Rec8 (Chiang et al., 2010) . Thus, loss of functional cohesion in mouse oocytes is associated with reduced levels of the chromosomeassociated fraction of cohesin and increased levels of aneuploidy.
To investigate the impact of ageing on human oocytes, one study analysed 18 in vitro matured human oocytes that had been aspirated from surgically removed ovaries (Duncan et al., 2012) . Immunostaining revealed that inter-kinetochore distances increased with maternal age and correlated with PSSC (Duncan et al., 2012) . As discussed again later, inter-kinetochore distances were also reported to increase with maternal age during MI in human oocytes , Zielinska et al., 2015 , Lagirand-Cantaloube et al., 2017 . In mouse oocytes, age-induced Rec8 decline correlates with weakening of centromeric cohesion, measurable as increased distances (up to 50%) between sister kinetochores (Chiang et al., 2010) . The age-related increase in inter-kinetochore distances in human MI and MII oocytes (Duncan et al., 2012 , Zielinska et al., 2015 , Lagirand-Cantaloube et al., 2017 therefore supports the idea that cohesion could deteriorate with age in human oocytes as in mouse oocytes. Notably, however, although cohesin deterioration is one possible cause for kinetochore separation, other effects of ageing discussed later, such as changes to chromatin structure, could also impact kinetochore spacing.
To investigate the effect of ageing on cohesin expression, total oocyte SMC1β transcript levels were quantified in spare human oocytes obtained from IVF cycles (Garcia-Cruz et al., 2010) . Levels were found to exhibit wide and overlapping variation across all ages without any clear decline, suggesting that total cohesin expression in human oocytes does not change with ageing (Garcia-Cruz et al., 2010) . Another study used immunofluorescence to analyse frozen tissue sections of ovaries that had been removed from eight women and found that in older ovaries, Rec8 and Smc1β levels within the GVs of dictyate-arrested oocytes were reduced (Tsutsumi et al., 2014) . Taken together, these two papers raise the possibility that in human oocytes as in mouse oocytes, ageing predominantly impacts the integrity of the chromosome-associated fraction of cohesin. Significantly, however, incontrovertible proof that bivalent-associated cohesin declines in an age-dependent manner in human oocytes is still lacking.
The need for long-lived cohesin during the protracted dictyate arrest
What normally becomes of cohesion between the time of establishment during foetal life and adulthood, and why might chromosomal cohesion decline with age? One possibility is that cohesin is continuously reloaded onto chromosomes following its initial incorporation during foetal life. If these were so then new cohesin might need to be synthesised postnatally. However, this does not appear to be the case, at least not in mice, since eliminating Smc1β synthesis shortly after birth did not compromise cohesion for up to 8 months of age and such mice remained fully fertile (Revenkova et al., 2010) . In contrast, if Smc1β is absent when cohesion is being established before birth, chromosomal cohesion is severely disrupted (Revenkova et al., 2010) . Thus, cohesion is almost exclusively dependent on prenatally synthesised cohesin and cohesin synthesised after birth does not appear to make a substantial contribution.
Although newly synthesised cohesin might not be required, it remained possible that pre-existing cohesin continuously reloads on to chromosomes during dictyate arrest. If so, then progressive depletion of the oocyte's cohesin pool could account for cohesion decline. Arguing against this however, although Rec8 on chromosomes declines with ageing, total oocyte Rec8 does not (Chiang et al., 2010) .
Transgenic mice expressing a form of Rec8 harbouring cleavage sites for the tobacco etch virus (TEV) protease (Rec8 TEV/TEV ) were used to further test the role of cohesin reloading (TachibanaKonwalski et al., 2010) . In this Rec8 TEV/TEV model, microinjection of TEV mRNA into oocytes to induce protease expression causes cohesion to be completely resolved leading to separation of sister chromatids. To determine whether cohesin reloading was important during post-natal life, Cre-Lox technology was employed to induce expression of non-cleavable Rec8-Myc (lacking TEV target sites) either at the pre-meiotic germ-cell stage or postnatally after oocyte growth is underway. In the former case, non-cleavable Rec8-Myc would be present before cohesin establishment whereas in the latter, it would be present afterwards, and would potentially be available to load onto chromosomes on which, cohesion had been established with cleavable Rec8 TEV/TEV . Crucially, only Rec8-Myc expressed prior to cohesion establishment prevented sister chromatids from separating when TEV protease was induced (Tachibana-Konwalski et al., 2010) . Thus, non-cleavable Rec8-Myc either did not load onto chromosomes postnatally or did so very minimally. For inducing Rec8-Myc in post-natal ovaries in the above work (Tachibana-Konwalski et al., 2010), Cre expression was driven by the Zp3 promoter and was consequently only expressed during the oocyte's growth phase, which in mice lasts 2-3 weeks. It therefore remained possible that insufficient time was available for enough Rec8-Myc to be reloaded to be able to substantially restore cohesion. To test this, these authors recently modified the genetic approach to enable Rec8-Myc to be expressed for a longer period (2-4 months) (Burkhardt et al., 2016) . Significantly however, Rec8-Myc still could not rescue cohesion after TEV protease was induced, showing that Rec8 TEV/TEV (which was the only cohesin expressed during foetal life) remained the predominant cohesin holding chromosomes together. Altogether therefore, at least in mice, cohesin loaded onto chromosomes prior to birth is critical for holding chromosomes together during an extended dictyate arrest and, importantly, undergoes attrition with ageing.
An inverse relationship between initial cohesin load and risk of error supports a cohesion-related model
Since sister chromatid cohesion distal to crossovers holds homologues together ( Fig. 2A and B) , following cohesion dissipation, chiasmata on bivalents would be at risk of 'slipping' toward the ends of chromosomes, so-called terminalisation (see Fig. 6Bi , compare with Fig. 6Ai ), ultimately risking bivalent breakdown and segregation error. Therefore, an important prediction of the cohesion model is that the hazard posed by cohesion deterioration would be inversely proportional to the amount of starting cohesion. Consequently, small homologous pairs dependent exclusively upon distal-only crossovers would possess the lowest cohesion load and be exposed to the highest risk. It is notable in this regard that crossover maturation inefficiency during human female meiosis predisposes to this very scenario with the small chromosomes, 21 and 22, acquiring roughly only one crossover per bivalent that is often distally situated compared with approximately six crossovers for chromosome 1 . Significantly, as predicted by the model, distal crossovers are a frequent occurrence among mis-segregating chromosomes in cases of human trisomy 21 (Lamb et al., 1997) .
Data from the mouse model also demonstrate a correlation between cohesin load and error risk. Although Rec8 levels on chromosomes decline with ageing in mouse oocytes, it is only when levels become reduced to <10% of those found in young oocytes that cohesion defects become apparent (Chiang et al., 2010) . Low cohesin dosage from the outset should therefore predispose to premature cohesin depletion and meiotic errors at younger ages. Entirely consistent with this, oocytes from transgenic mice lacking SMC1β exhibited high rates of disconnected homologues and individual chromatids at young ages (Hodges et al., 2005) whilst PSSC occurred as early as one month of age in oocytes from mice heterozygous for either SMC1β or REC8 (Murdoch et al., 2013) .
Kinetochores in human oocytes frequently break meiotic rules
During MI, sister kinetochores should mono-orient to enable homologues to attach to opposite spindle poles whereas during MII, sister kinetochores should bi-orient akin to mitosis (see Fig. 2 ). Three recent studies have reported on kinetochore configurations in MI human oocytes and have uncovered marked deviations from these meiotic principles (Patel et al., 2015; Zielinska et al., 2015; LagirandCantaloube et al., 2017) . Zielinska et al. (2015) showed that in oocytes from young women (<30 years of age), a staggering 60% of sister kinetochores were separated from one another by up to 1.7 μm so that they appeared as discrete spots rather than a single locus. This surprising finding contrasts sharply with other models of meiosis in which, sister kinetochores are constrained into a single unit during MI to promote mono-orientation and monopolar attachment. Sister kinetochore splitting increased with age to 75% and 87% in 30-35-year olds and >35 year olds, respectively (Zielinska et al., 2015) . Over 1900 kinetochores were analysed in spare human oocytes from IVF treatments (Patel et al., 2015) . Consistent with Zielinska et al., a staggering 78% of sister kinetochores appeared as two distinct foci separated by up to 1.5 μm; this represented an average of 35 kinetochore pairs (out of a total of 46) per oocyte (Patel et al., 2015) . Separation distances were again found to increase with advancing female age and this occurred whether there was underlying female fertility pathology or not, consistent with being a universal property of human oocytes exacerbated by age (Patel et al., 2015) . In the most recent paper, mean distances between sister kinetochores increased from 0.73 ± 0.32 μm in women ≤30 years to 1.2 ± 0.34 μm in over 30 year olds (Lagirand-Cantaloube et al., 2017) . Moreover, in women ≤30 years,~11% of kinetochores were spaced >1.5 μm apart compared with~55% in women >35 years (LagirandCantaloube et al., 2017) .
Thus, as in mice, inter-kinetochore distances are increased in aged human oocytes. Strikingly however, unlike models such as yeast and mouse, the overwhelming majority of sister kinetochores in human oocytes are not conjoined into a single unit even at younger ages. It is tempting to speculate that decreased cohesion within the centromeric region predisposes sister kinetochores in human oocytes to separate from one another. This could occur if absolute levels of centromeric cohesion decrease or if cohesion is disrupted in the centromeric region, for instance, by the formation of exchanges in close proximity to centromeres, which, as discussed previously, occurs with heightened frequency during human female meiosis . It is possible that defects in proteins such as Meikin and shugoshins required for kinetochore mono-orientation could also contribute. There is evidence that chromosome-associated Sgo2 decreases with ageing in mouse oocytes (Lister et al., 2010 , Yun et al., 2014 but the effect of ageing on either protein is yet to be investigated in human oocytes.
Vulnerability to forming erroneous microtubule attachments in human oocytes
Separated sister kinetochores provide four attachment points per bivalent instead of the usual two. Indeed, each sister kinetochore in human oocytes is fully capable of independently attaching to microtubules (Patel et al., 2015) . Consequently, up to 90% of separated sister kinetochores acquire attachments to different microtubule bundles and more than 2% of bivalents have one or both pairs of sister kinetochores attached to opposite spindle poles rather than to a single pole (Zielinska et al., 2015) . Attachment patterns such as these, which deviate from the ideal of both sisters attaching to the same pole, predispose to errors; for instance, two sisters attached to opposite poles are at risk of separating prematurely during MI. Furthermore, these atypical attachment patterns induce unusual chromosomal contortions whereby some bivalents become rotated relative to the spindle axis (referred to as inverted bivalents) while others twist along their own axes (Zielinska et al., 2015, Webster and Schuh, 2017) .
Separated sisters were also predisposed to one sister kinetochore becoming attached to two spindle poles (merotely), and this too increased in an age-dependent manner (Zielinska et al., 2015) in line with previous findings in aged mouse oocytes (Shomper et al., 2014) . This suggests that other factors, in addition to physical sister kinetochore separation, compromise the setting up of connections with microtubules. One such factor could involve Aurora kinases (Aurora B and Aurora C in oocytes), which as discussed before are key for resolving incorrect attachments to enable correct ones to form (Liu and Lampson, 2009 ). Both Aurora B and Aurora C are expressed and localise to chromosomes in human oocytes (Avo Santos et al., 2011) in which, Aurora C activity is conferred by three splice variants having functions that are complementary to one another (Fellmeth et al., 2015) . Interestingly, somewhat inverse evidence for Aurora kinase error-correction mechanisms in human oocytes has recently been alluded to. An older IVF patient with lower than average rates of aneuploid embryos, and therefore with uncharacteristically low error predisposition, was found to express a single nucleotide variant of Aurora B (Nguyen et al., 2017) . Over expressing this Aurora B variant in mouse oocytes increased chromosome alignment efficiency, tempting speculation that increased Aurora kinase-based error correction activity might have protected against aneuploidy in this patient (Nguyen et al., 2017) .
Effects of ageing on chromosomes: histones and telomeres
It is clear that multiple factors contribute to human female meiotic errors and that many succumb with ageing. We have so far reviewed some of these factors such as crossover configurations, kinetochore orientation, microtubule attachments as well as the possible effects of reduced cohesion during ageing. As we discuss next, age-related alterations to nucleosomal histones and telomeres indicate that chromosomal structural integrity is also vulnerable in oocytes and could also contribute to mis-segregation risk.
In the lead up to chromosome segregation during M-phase, chromatin typically adopts a highly condensed state brought about through post-translational modifications, such as the removal of acetyl groups from chromatin-associated histones. This deacetylation process deteriorates during ageing since acetylation of histone H4 lysine residues are much more likely to persist at higher levels during meiosis in oocytes from older women compared with younger women (van den Berg et al., 2011) . Significantly, persistently high acetylation was associated with 15-fold increased levels of chromosome misalignment that would increase the risk of mis-segregation (van den Berg et al., 2011) . Further supporting the importance of histone acetylation regulation, increased histone H4 lysine acetylation levels have also been associated with ageing and with increased aneuploidy risk in mouse oocytes (Akiyama et al., 2006) . Transgenic mouse oocytes lacking the histone deacetylase, HDAC2, also exhibit persistently high-histone H4 lysine acetylation . Significantly, these mutant oocytes exhibit disrupted kinetochore-microtubule attachment and chromosome segregation errors in association with reduced levels of the centromeric histone H3 variant, CENP-A . Since CENP-A is key for centromere function and hence for kinetochore assembly (Cheeseman and Desai, 2008) , it is possible that disrupted kinetochore function underpins defects in microtubule attachment, leading to chromosome misalignment seen in aged oocytes with persistently high-histone acetylation. It is notable in this regard that centromeres in mouse oocytes have been shown to rely exclusively on CENP-A incorporated before birth (Smoak et al., 2016) . In the absence of an avenue for post-natal renewal, CENP-A would be especially vulnerable to disruptions imposed by age-related hyperacetylation that could therefore severely threaten centromere and hence kinetochore integrity.
Another nucleoprotein structure, the telomere, is located at the ends of chromosomes and consists of tandem DNA repeats bound by proteins (Bar and Blasco, 2016) . Telomere shortening is a hallmark of ageing and is considered a major driver of age-related deterioration in somatic cells (Bar and Blasco, 2016) . Analogously, telomere shortening in oocytes has also been proposed to be a major factor in female reproductive ageing, leading to the proposition of a two-hit hypothesis (Keefe et al., 2006) . The first hit on telomere length is proposed to be incurred by multiple mitotic divisions of oogonia in the foetal ovary. This is an extrapolation based on evidence from other somatic cell-types in which replication predisposes to telomere shortening due to the inability of DNA polymerases to fully replicate the ends of chromosomes with each replication cycle (Arnoult and Karlseder, 2015) . The second hit is suggested to arise from long-term exposure during an extremely protracted dictyate arrest to damaging agents such as oxidative stress, which jeopardise telomere integrity (von Zglinicki, 2002; Liu et al., 2002b) . This could be further exacerbated by lifestyle choices since obesity, smoking and alcohol consumption all increase oxidative stress and are associated with telomere shortening (Valdes et al., 2005; Strandberg et al., 2012) . Telomere erosion can be compensated for by telomerase, a DNA reverse transcriptase capable of de novo telomere elongation (Arnoult and Karlseder, 2015) . Significantly, however, in oocytes as in many other cell-types, telomerase activity is low (Ozturk et al., 2014) , further compounding telomere attrition. In keeping with multiple hits, during ageing in mouse oocytes, increasing reactive oxygen species (ROS) and progressively decreasing telomerase activity parallel telomere shortening (YamadaFukunaga et al., 2013) .
An important prediction of the two-hit hypothesis is that markers of oocyte quality such as embryo development and aneuploidy would correlate inversely with oocyte telomere length. Using quantitative FISH to analyse spare IVF-derived human oocytes, telomere lengths at the GV-stage were found to be~11 kb (Turner et al., 2010; Turner and Hartshorne, 2013) while at MII stage they were found to range from 0.5 kb to 24.5 kb in one study (Keefe et al., 2005) and from 6-14 kb in another (Turner and Hartshorne, 2013) . Interestingly, in the latter study, mean telomere lengths in MII-stage human oocytes were less than at the GV-stage suggesting that telomeres shorten during maturation (Turner and Hartshorne, 2013) . Notably, maximum oocyte telomere length correlated inversely with cytoplasmic fragmentation in cleavage-stage embryos derived from the same patient (Keefe et al., 2005) . In somatic cells, critical telomere shortening and disruption of the shelterin complex trigger multiple effects that can culminate in cell cycle deregulation, genomic instability and senescence (Collado et al., 2007, Arnoult and Karlseder, 2015) providing plausible mechanisms by which telomere shortening might disrupt mitotic cell division during embryogenesis. In a subsequent paper, significantly greater maximal and mean telomere lengths were found in spare oocytes from patients who become pregnant after IVF compared with those who failed to become pregnant (Keefe et al., 2007) . No pregnancies occurred if mean telomere length was less than 6.32 kb alluding to a correlation between oocyte telomeres and developmental competence (Keefe et al., 2007) . Notably however, subsequent studies by an independent group did not support that a minimum telomere length in sibling oocytes is required for pregnancy (Turner and Hartshorne, 2013 ).
More recently, in order to interrogate the link between telomere shortening and oocyte integrity, aneuploidy levels were studied in biopsied polar bodies (Treff et al., 2011) ; polar bodies are an appropriate surrogate for oocytes since they very closely replicate their sibling oocytes regarding telomere length (Wang et al., 2013a) . Using a powerful technique for quantifying telomere DNA in parallel with 24-chromosome aneuploidy screening for the same cell, it was found that telomere DNA amount in aneuploid polar bodies was 0.43-fold lower than that in euploid polar bodies (Treff et al., 2011) . Some very important strengths of this study are noteworthy. Firstly, the oocytes studied were not discarded material and were subsequently fertilised as part of IVF treatment. Secondly, telomere length and aneuploidy were correlated within the same embryo. Finally, comparisons were made between sibling euploid and aneuploid oocyte pairs from the same patient and within the same IVF cycle thereby controlling for treatment, and patient-related variables, notably maternal age. Taken together, these data directly correlate telomere shortening with increased predisposition to aneuploidy in human oocytes.
An important question pertains to how telomere shortening might impact meiotic chromosome segregation in oocytes. Oocytes from fourth-generation telomerase-knockout mice exhibit shortened telomeres and this is accompanied by major defects in spindle assembly and chromosome alignment (Liu et al., 2002a) . This raises the possibility that short telomeres disrupt spindle function, which could lead to aneuploidy. But this is open to question since recombination is also severely compromised in these oocytes leading to chromosomes with either few or no cross-overs (Liu et al., 2004) , which can themselves predispose to spindle abnormalities and/or chromosome misalignment (Woods et al., 1999 , Kim et al., 2015 . Moreover, since recombination is a foetal event, defective recombination during prenatal life could not be the mechanism by which telomere shortening acquired during post-natal life would predispose to age-related female reproductive decline.
Mitochondrial dysfunction and reduced ATP availability are favoured models of age-induced oocyte deterioration (May-Panloup et al., 2016) . Due to the energy demands of spindle assembly, compromised mitochondrial bioenergetics has been proposed to predispose to spindle abnormalities and consequently, to chromosome misalignment (Tilly and Sinclair, 2013) . Interestingly, in somatic cells, telomere shortening/ damage leads to decreased mitochondrial function and increased ROS (Sahin and DePinho, 2012) . Since mitochondrial dysfunction and the accompanying increase in ROS also induce telomere damage (Liu et al., 2002b) , telomere shortening can set in motion a self-perpetuating and vicious cycle. It is therefore possible that one mechanism by which telomere shortening might derail chromosome segregation in oocytes is an indirect one via mitochondrial compromise and oxidative stress.
Unstable chromosome-centred spindle assembly in human oocytes differs from microtubule organising centre-based spindle assembly mechanisms in mouse oocytes
In somatic cells, a pair of centrosomes predetermines spindle bipolarity even before nuclear envelope breakdown. Centrosomes are comprised of a pair of centrioles enclosed within pericentriolar material, which nucleates spindle microtubules. In stark contrast to mitotic cells, oocytes of most metazoan species lack centrioles (Manandhar et al., 2005) and rely on centrosome-independent methods for effecting spindle assembly. In mouse oocytes, the acentrosomal pathway relies on microtubules nucleated from microtubule organising centres (MTOCs); details pertaining to this and other acentrosomal pathways in oocytes have been reviewed recently (Howe and FitzHarris, 2013; Bennabi et al., 2016) so only salient aspects relevant to our discussion will be covered here.
The process of spindle assembly and chromosome segregation during MI was recently tracked in its entirety from GVBD to first PBE in over 100 spare donor human oocytes that were denuded of cumulus (Holubcova et al., 2015) . Time-lapse fluorescence imaging was used to monitor GFP-labelled microtubule-associated protein (MAP-GFP) and red fluorescent protein (RFP)-labelled histone 2B (H2B-RFP), which become incorporated into the spindle and chromosomes, respectively, thereby allowing both to be imaged in live oocytes throughout maturation. A similar live-cell imaging technique has become a widely used approach for studying mouse oocytes in which, the typical stages of acentrosomal spindle assembly have been characterised (Schuh and Ellenberg, 2007) (Fig. 5A and B) . Here, we have illustrated this technique in a mouse oocyte expressing similar fluorescent constructs to label spindles and chromosomes (see Fig. 5A and Supplementary Movie 3). The earliest stage of acentrosomal spindle assembly is a rudimentary spherical spindle that individualises chromosomes (Fig. 5A and B ). This is then followed by progressive spindle bipolarisation and increasingly stable chromosome alignment in the lead up to anaphase and first PBE (Schuh and Ellenberg, 2007) (Fig. 5A and B and Supplementary Movie 3).
Using this approach to analyse human oocytes revealed that GVBD in human oocytes is followed by a 5-h or more delay before the first appearance of a microtubule aster in the vicinity of condensed chromosomes ( Fig. 5C) (Holubcova et al., 2015) . Enlargement of the aster enables chromosomes to become individualised on the spindle surface (Fig. 5C ). Over the ensuing 8-10 h, spindle bipolarisation progresses with chromosomes first becoming distributed around the spindle surface before moving towards the spindle interior. Chromosomes are initially dispersed throughout the spindle before congregating at the equatorial region (termed congression) (Fig. 5C ). Stable chromosome alignment is achieved (metaphase I) and is followed in the ensuing 2 h (17-18 h post-GVBD) by anaphase. Completion of PBE with formation of a metaphase II spindle occurs by~24 h post-GVBD (Fig. 5C) . Thus, at least a full day and night of imaging is needed to catalogue the details of MI spindle assembly and chromosome segregation in human oocytes consistent with previous studies (Shen et al., 2008) .
The overall progression of spindle assembly and chromosome alignment in human oocytes followed a roughly similar pattern to that observed in mouse oocytes. Highly significant differences were uncovered however. Unlike mouse oocytes in which microtubules are nucleated shortly after GVBD (Schuh and Ellenberg, 2007) (Fig.  5A and B) , in human oocytes, there is a striking 5-h or more hiatus whilst chromosomes remained clumped together without any evidence of a spindle (Holubcova et al., 2015) (Fig. 5C) . Furthermore, whereas MTOC-nucleated asters are prominent in mouse oocytes, human oocytes lack the MTOC components, pericentrin and γ-tubulin (Holubcova et al., 2015) .
Instead of an MTOC-mediated pathway, microtubules in human oocytes are nucleated on chromosomes (Holubcova et al., 2015) . Chromosome-dependent microtubule nucleation involves the small GTPase, Ran (Bennabi et al., 2016) . Active Ran-GTP is produced in a gradient surrounding chromosomes by the chromosome-localised Ran guanosine exchange factor, RCC1 (regulator of chromosome condensation 1). This gradient activates spindle assembly factors (e.g. NUMA, TPX2 and HURP) in proximity to chromosomes by promoting their release from inhibitory binding to importins (Bennabi et al., 2016) . In keeping with a chromosome-mediated pathway, inhibiting Ran-GTP function severely impaired spindle assembly in human oocytes (Holubcova et al., 2015) . Therefore, whereas the MTOCdependent route is prominent in mouse oocytes (Schuh and Ellenberg, 2007) , in human oocytes, chromosome-mediated spindle nucleation appears to be the major pathway. (green) and chromosomes (red) from a time-lapse series of a mouse oocyte during in vitro maturation. Oocytes were microinjected with cRNAs encoding histone H2B-RFP (for labelling chromosomes) and MAP7-GFP (for labelling spindles). Seven confocal images were captured every 30 min in the z-axis in each of the bright-field, red and green channels. Time is shown as hours:minutes. Note that spindle nucleation is already evident by 30 min post germinal vesicle breakdown (GVBD) and that a spherical early-stage spindle is gradually remodelled into a bipolar spindle over~3-4 h, which typically then retains a stable structure through to anaphase. Chromosomes become aligned by~5-6 h post-GVBD around the time that protein destruction begins (see Fig. 4 ) and this is followed~2-3 h later by first polar body extrusion (PBE) with subsequent entry into MII and arrest at metaphase II. Note that the bipolar spindle migrates from the oocyte centre to the cortex prior to PBE thereby ensuring asymmetric division. White arrowhead highlights the first polar body. Holubcová et al., 2015) . Note that unlike the early-onset in mouse oocytes, microtubule nucleation in human oocytes is not apparent for~5 h. Note also that the entire process through to PBE and metaphase II-arrest is about three times as long compared with mouse oocytes. The dashed grey arrow illustrates the frequent collapse of the bipolar spindle, often into a multi-polar form, in human oocytes. Spindle collapse then predisposes to the initiation of anaphase in the presence of misaligned chromosomes and to lagging chromosomes.
Interestingly, after a bipolar spindle is first observed, a 7-8 h period followed during which over 80% of spindles lost their bipolar form, sometimes forming multi-polar spindles (Holubcova et al., 2015) (Fig. 5C ), again contrasting with mouse oocytes in which, bipolar spindles exhibit stability once formed (see Figs 5A and B and Supplementary Movie 3). Notably, spindle instability was positively correlated with pre-anaphase chromosome misalignment and lagging chromosomes at anaphase (Fig. 5C ). This may be because 20% of kinetochores in human oocytes acquire improper merotelic attachments consistent with the possibility of suboptimal Aurora kinasedependent error-correction mechanisms discussed previously. Using similar confocal imaging techniques, a subsequent paper confirmed high rates (80%) of anaphase abnormalities that were preceded by preanaphase misalignment in human oocytes (Haverfield et al., 2017) .
Overall therefore, MTOC's appear to be absent in human oocytes and spindles are nucleated from chromosomes. Importantly, even at young ages, human oocyte spindles are unstable and associated with high rates of chromosome misalignment that predispose to chaotic anaphase patterns.
Maturation arrest uncovers a unique genetic regulator of spindle assembly in human oocytes
A different approach recently led to novel insight into the molecular control of spindle assembly in human oocytes. In a small number of families, female infertility was found to be characterised by a defect in oocyte maturation; during IVF, oocytes from these women arrested in MI (Feng et al., 2016a) . In 7 of 24 such females, whole-exome sequence analysis identified seven missense mutations in the TUBB8 gene.
TUBB8 was found to encode a primate-specific β-tubulin isotype that is the only highly expressed β-tubulin isotype in human oocytes (Feng et al., 2016a) . Imaging of meiotically arrested oocytes from patients using either polarised light or confocal fluorescence microscopy revealed either abnormal or absent spindles (Feng et al., 2016a) . In keeping with a pivotal role for TUBB8, introduction of mutant TUBB8 mRNA constructs into mouse and human oocytes severely disrupted spindles and meiotic maturation. Strikingly, fertility is completely unaffected in men with TUBB8 mutations underlining a female-and oocyte-specific function. Thus, TUBB8 is a β-tubulin isotype unique to oocytes that is critical for meiotic spindle assembly and for human female fertility.
Additional mutations in TUBB8 as well as homozygous TUBB8 deletion has subsequently been identified among families with infertile females (Feng et al., 2016b . Investigation of these mutations has extended the range of phenotypic defects associated with TUBB8 beyond oocyte maturation arrest to include oocytes capable of extruding the first polar body but incapable of supporting fertilisation or early embryonic development.
Modelling chromosome mis-segregation in mouse oocytes carrying human-like problems
In this final section, we draw on findings from recent studies using the mouse model that provide insight into how chromosome missegregation might be played out in an oocyte-system faced with the type of defects known to arise in human oocytes.
One could envisage weakly connected homologues being the result of cohesin exhaustion superimposed on an at-risk recombination pattern such as a single distal crossover. Sakakibara et al. (2015) studied oocytes from naturally aged mice (11-16 months old), which exhibited increased sister kinetochore distances and PSSC supporting that cohesion may have been compromised. Using time-lapse imaging, they tracked the fate of weakly connected homologues in aged mouse oocytes after they had been subjected to tension during MI . Interestingly, it was found that 80% of meiotic errors involved bivalents that segregated into univalents during metaphase I after becoming hyper-stretched by spindle microtubule attachments, but before anaphase was initiated (Fig. 6Bii and Biii, compare with Fig. 6Aii) . Remarkably, this indicates that inter-homologue cohesion was reduced to such low levels that homologues were pulled apart purely by the tension exerted by bipolar spindle attachments, even before separase had been activated. After monitoring the fate of the resulting univalents during the remainder of MI, it was found that sister chromatid separation was predominant (80%), reminiscent of aneuploidy patterns in human oocytes discussed above. Surprisingly, the prevailing pathway involved two sequential 'segregation' events during MI ( Fig. 6Biii and Bv), albeit only one was driven by the canonical separase-mediated pathway.
Indirect evidence supports that such a pathway could arise in human oocytes. Immunostaining of human oocytes during MI (and therefore after chromosomes began interacting with spindle microtubules) also identified an age-related susceptibility to the presence of individual univalents; 30% of MI oocytes from women >35 years possessed univalents versus none in under 35 year olds . Furthermore, sister kinetochores of such univalents were bi-oriented, indicating that they were poised for segregation into sister chromatids in the subsequent anaphase. Other studies also reported a similar age-dependent trend: in one paper, <10% of oocytes from women under 30 exhibited homologues compared with 40% in the over-35's (Zielinska et al., 2015) while in another, univalents were identified in 16% of under 35 year olds rising to 62.5% in over 35 year olds (Lagirand-Cantaloube et al., 2017) . Notably, less than 25% of human foetal oocytes were found to have crossover-less homologous pairs (Cheng et al., 2009 ) whereas in the afore-mentioned studies, individual homologues were present in up to 60% of oocytes from women in the older age ranges, suggesting that at least some of them originated from bivalents that had previously possessed exchanges. Univalents in aged human oocytes therefore seem likely to have two different origins: firstly, present from birth due to lack of recombination and secondly, derived from at-risk recombined bivalents that split prematurely in adult life, with the latter becoming increasingly prevalent during ageing.
It is also notable that in this pathway, 45% of sister separation events involve the bi-orientation of both univalents and their segregation into sister chromatids ( Fig. 6Biv and Bv, a and b) whereas in 35% of cases only one univalent bi-oriented and divided ( Fig. 6Biv and Bv, a and b') . The former is consistent with SNPbased analyses of all products of human female meiosis, which inferred that segregation of both homologues into sisters during MI predominates, termed 'reverse segregation' (Ottolini et al. 2015) . The pathway uncovered by Sakakibara et al. (2015) could therefore Figure 6 Age-induced loss of cohesion underpins terminalisation of cross-overs and premature separation of sister chromatids during MI in mouse oocytes. (A) Normal meiotic chromosome segregation during MI in a young mouse oocyte. Note that mouse oocytes are telocentric so that kinetochores are located towards the ends of chromosomes. (i) As before, the bivalent is comprised of a pair of homologues united by arm cohesion (light blue rings) distal to cross-overs (grey arrow) with centromeric cohesion (light green rings) maintaining sister kinetochores (grey discs) in close apposition to one another. (ii) Following attachment to microtubules (brown lines) from opposite spindle poles, the bivalent is placed under tension. Cohesin along chromosome arms becomes phosphorylated. (iii) Cleavage of arm cohesin results in segregation of homologues while sister chromatids remain attached to one another through preserved centromeric cohesion. (B) Shown is one model of chromosome mis-segregation resulting from loss of cohesion with age (based on Sakakibara et al., 2015) . (i) In this model, reduced centromeric cohesion leads to increased distances between sister kinetochores. Reduced arm cohesion cause cross-overs (grey arrow) to 'slip' towards the ends of chromosomes, so-called 'terminalisation' (compare position of cross-over [grey arrow] with that in young oocyte in A). (ii and iii) When such a bivalent is placed under tension by attachments to opposite spindle poles, it is predisposed to becoming 'hyper-stretched' (ii) and to breaking down into component homologues because of reduced cohesive forces, even before separase become active to trigger anaphase (iii). (iv) Here we depict two possible outcomes for the resulting pair of separated homologues. In one scenario (a + b), both homologues each then gain attachments to opposite spindle poles. This is facilitated by reduced centromeric cohesion that facilitates their kinetochores facing in opposite directions. The subsequent tension causes sister kinetochores to become distracted from one another thereby exposing centromeric cohesion to phosphorylation. (v) Consequently, when separase is subsequently activated and anaphase is triggered, centromeric cohesion is cleaved culminating in premature segregation of both homologues into sister chromatids during MI. It is notable that this segregation pattern involving both homologues during MI is consistent with the first meiotic component of 'reverse segregation' identified through genetic characterisation of all products of human female meiosis (Ottolini et al., 2015) . These data from Ottolini et al. (2015) along with evidence from immunostained human oocytes (see main text) support that similar events could possibly occur in human oocytes. In the other scenario (a + b'), only one homologue bi-orients and separates into sister chromatids (a) whilst the other homologue segregates intact (b'). Note that b and b' represent alternative possibilities for the same homologue. Note as well that this schematic is derived from analyses of aged mouse oocytes.
provide some of the final pieces to the puzzle for explaining how multiple steps initiated during foetal life and exacerbated by ageing, ultimately result in aneuploidy patterns observed in human oocytes.
Although PSSC was the predominant abnormality in aged mouse oocytes, a substantial proportion (20%) of errors were due to classical non-disjunction and~20% of errors were not associated with breakdown on bivalents into univalents . This reinforces that segregation errors associated with ageing are not solely attributable to loss of cohesion but involve other factors. Early studies involving immunostaining of human oocytes found that structural spindle defects were more frequent amongst older women raising the possibility of spindle-centric problems (Battaglia et al., 1996 , Volarcik et al., 1998 . More recent time-lapse analyses discussed above corroborate this notion and identify unusual fragility in human oocyte spindles with a predisposition to forming multi-polar rather than bipolar spindles (Holubcova et al., 2015; Haverfield et al., 2017) . Recent work reveals that ageing also predisposes mouse oocytes to form disorganised multipolar spindles (Nakagawa and Fitzharris, 2017) . Strikingly, the likelihood of multi-polar spindle problems was the same regardless of whether the aged oocyte retained its own (aged) GV or carried a GV transferred from a young oocyte (and hence with young chromosomes having intact cohesin), showing that the problem resides with the spindle and is not due to chromosomal ageing (Nakagawa and Fitzharris, 2017) . Highly significantly, the lagging chromosomes arising when multi-polar spindles underwent anaphase were almost always univalents rather that individual sisters, thus fitting with classical non-disjunction rather than PSSC (Nakagawa and Fitzharris, 2017) . Collectively, these data support that a defective spindle machinery in oocytes could be an independent risk factor for chromosome mis-segregation and provides a mechanism by which, intact bivalents might undergo non-disjunction despite largely intact cohesion. It is important to note, however, that since human oocytes appear to be reliant on different spindle assembly pathways from mouse oocytes (see above), it is unknown whether the same would apply to humans.
Conclusions and future perspectives
At-risk crossover configurations and ageing have been known for sometime to predispose to meiotic errors in human oocytes. Inefficiencies in crossover maturation could be a major reason for the female-specific susceptibility to generating at-risk recombination patterns during foetal life . More and more pieces of the puzzle pertaining to factors and events within the oocyte, which intensify with ageing and jeopardise the fidelity of female meiotic segregation, are coming together. The general rule that has emerged is that aneuploidy causation is not restricted to a single factor but involves multiple unfavourable hits that reinforce one another. One can envisage that the presence, localisation and number of chiasmata combined with cohesion breakdown, as well as suboptimal errorcorrection mechanisms, compromised SAC function in sensing attachment defects and DNA damage, structural kinetochore defects (e.g. due to defective histone deacetylation), telomere attrition and unstable spindles converge to create the perfect storm.
The mouse model has been the key for highlighting important candidate genes (e.g. Meikin, shugoshin, PP2A etc.) and has served as a tractable mammalian oocyte model for testing hypotheses and discerning pathways that might lead to mis-segregation when confronted with the sort of defects present in human oocytes (e.g. Sakakibara et al., 2015; Nakagawa and Fitzharris, 2017) . However, many of these genes that have been characterised in the mouse model remain to be investigated in human oocytes and this will be important work for the future. Another important challenge would be to determine how knowledge of such genes might be repurposed for clinically relevant benefit. It is notable in this regard that function is often ascribed to a gene during mouse research based on experiments that typically involve a single gene knockout (or knockdown) within an otherwise uniformly controlled oocyte population. However, the human situation is very unlikely to involve a gene deletion and is likely to be influenced by multiple factors (environmental, lifestyle and otherwise as mentioned above) to produce a spectrum of effects. The TUBB8 gene is a case in point with infertility very rarely being associated with a complete gene deletion but instead linked to multiple individualspecific mutations that produce different phenotypes. The cohesion model derives from a raft of compelling data from the mouse model, which support that cohesin laid down in foetal life is not renewed during post-natal life and succumbs with ageing. The discovery in the mouse model that some key proteins such as cohesin and CENP-A are long-lived and undergo minimal if any renewal leaves them easy prey to attrition during the ageing process. Notably, however, cohesin deterioration is apparent after 1-2 years in the mouse whereas aneuploidy in women rises steeply after 35 or so years. Therefore, more insight is needed into the behaviour of the chromosome-bound fraction of these proteins in human oocytes. Addressing these outstanding issues, in particular, the role of age-related recombination patterns will not be easy because the research landscape involving human oocytes is extremely challenging.
In spite of these challenges, major strides have been made in recent years in understanding human female meiotic chromosome segregation with many more discoveries undoubtedly just over the horizon. Global phenomenon (crossover maturation inefficiency and ageing) that increase background risk in females act additively with other individual-specific factors linked to the oocyte and influenced by environmental and lifestyle influences to produce a person-specific risk of aneuploidy. In fertility clinics, female age is still the best predictor of aneuploidy risk. Increasing molecular insight promises not only to refine risk prediction, but could potentially also guide the development of risk-reducing clinical interventions.
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